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ABSTRACT 
 
This thesis studies the nucleation and development of mechanical twins at 
different deformation temperatures and at different straining levels in high Mn 
TWinning Induced Plasticity (TWIP) steel. The desires of the automotive industry 
for steels with improved strength without compromises in ductility has led to the 
development of TWIP steels. TWIP steels show an exceptional combination of 
ultimate tensile strength (UTS) of more than 1000 MPa with elongation of ~60%. 
It was suggested in previous research that these unique mechanical properties are 
due to the mechanical twin formation during straining. Mechanical twin formation 
can be considered as a grain refinement therefore reduces the dislocation mean free 
path (MFP). A decrease in the MFP causes so called dynamic Hall-Petch effect and 
highly increases the work-hardening of the steel. The parameters, which can affect 
mechanical twinning are the steel composition, the deformation temperature, the 
grain size, the deformation strain rate and the grain orientation. The steel 
composition and the deformation temperature govern the stacking fault energy 
(SFE), hence, affect the mechanical twinning. The latter occurs only when the SFE 
is in the range of ~18 – 60 mJ/m2. The current steel has a chemical composition of 
18Mn-0.6C-1.5Al (wt.%), which ensures that at room temperature it has fully 
austenitic microstructure having SFE of ~25 mJ/m2. 
 Previously, the microstructural characterisation of TWIP steels and the 
mechanical twinning in particular was performed using several techniques: (i) 
optical microscopy, (ii) transition electron microscopy (TEM) and (iii) scanning 
electron microscopy (SEM). Each of the techniques has advantages but also some 
limitations and, importantly, there is still a lack of statistically significant method 
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of the nanometre scale mechanical twinning characterisation. One of the major 
objectives in this work was to develop the mechanical twinning characterisation 
method and to correlate the microstructure with the work-hardening at different 
deformation temperatures.  
 It is well known that grains with different orientations will have different 
tendency to undergo mechanical twinning during straining, Taylor factor was 
suggested to control this. However, not all the grains with the desirable Taylor 
factor undergo twinning even at the very late stages of the deformation. The aim of 
this study is also to investigate the role of the grain orientation and the grain 
boundary characteristics in the formation of the mechanical twins.   
 The past efforts to build a model to predict the stress-strain behaviour of 
TWIP steels were based on the change of the MFP during straining. The evolution 
of the MFP was divided to the grains that undergo twinning (called twinned grains) 
and the twin-free grains. Volume fraction of mechanical twins was used to estimate 
the MFP however, there are discrepancies in measuring it. The aim of the current 
work is to develop a constitutive model of the TWIP steel based on meticulous 
measurements of the MFP.  
 A novel method of analysing the nanometre scale mechanical twins was 
established in the current work. It was used to analyse the relationship between the 
mechanical twinning and the work-hardening behaviour of the steel. In this study, 
it was found that mechanical twinning contributes to the work-hardening at the very 
late stage of the deformation. Therefore, it was suggested that, the main 
contributors to the work-hardening at the early stage of the deformation are the 
stacking faults which extensively form in the microstructure during straining. 
III 

An in-situ tensile experiment revealed that grain orientation is not the only 
parameter to ensure or to prevent the mechanical twinning nucleation. A detailed 
characterisation of the grain boundaries on which mechanical twins nucleated 
showed that there may be other parameters to somehow influence the mechanical 
twinning nucleation (i.e. grain boundary energy). However, there is no relation with 
the inclination angle between the grain boundaries and the deformation was found. 
It may be proposed that the combination of some or all these parameters stimulate 
or prevent the nucleation of the mechanical twins. 
A constitutive model was built based on the detailed data acquisition and it 
is compatible with the stress-strain behaviour of the current steel. 
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Chapter 1  
1 Introduction 
1.1 Introduction 
Steel is one of the most versatile engineering materials in the world. This is 
largely due to its ready availability, relatively low cost, low cost volatility and the 
unique property packages that can be obtained through changes in composition and 
processing route. Through alloy and process control it is possible to obtain strengths 
ranging for just over 1000MPa to over 2GPa. In the past, the main strengthening 
mechanisms were grain refinement, work hardening, solid solution hardening and 
precipitation hardening. However, there is always compromise between the 
strength and the ductility. Mostly, an increase in the strength is accompanied by a 
deterioration of the ductility. The search for new strengthening mechanisms, which 
increases the strength of steel while the ductility is retained, has led to the 
development of new types of steels such as: bainitic, dual phase, “tri-phase” and 
TRansformation Induced Plasticity (TRIP) steels. The new steels have a complex 
microstructure, which can enhance the work-hardening by introducing defects, 
encouraging phase transformation during deformation or a complex combination 
of deformation mechanisms.  
TWinning Induced Plasticity (TWIP) steels were developed circa 1998 [1, 
2], as an alternative to high Ni and Cr austenitic steels, as a promising material for 
automotive applications. The compositions of TWIP steels are typically centred 
around two groups: (i) lower C (<0.05 wt.% C), 15-30 Mn, 2-4 Al, 2-4 Si wt.% 
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with some additional minor alloying elements [1, 3, 4] and (ii) high carbon TWIP 
steels with 15-30 wt.% Mn and 0.2-0.6 wt.%C [5-9]. The high Mn content stabilises 
austenite at room temperature and produces a single phase face centred cubic (fcc) 
steel with low stacking fault energy (SFE, typically between 15-40 mJ/m2 ) [10, 
11]. The TWIP steels are characterised by high strain hardening rates leading to 
high mechanical strengths of 700-1000 MPa and extraordinarily large elongations 
of up to 70% [1, 12]. The achievement of this combination of strength and ductility 
challenges the conventional perception of an inverse relationship between the two 
properties and occurs via the lowered SFE, which causes substantial twinning 
during plastic deformation [7, 13-30]. Since twinning competes with dislocation 
slip, the precise control of these phenomena represents a major breakthrough in 
steel research. However, to date the micro-mechanisms leading to the bulk 
mechanical behaviour remains a controversial issue.  
As we mentioned above, the development of modern steels is based on the 
tailoring of the microstructure to achieve the required properties. While historically 
this was performed at the micrometre scale length there is now the scope to 
undertake this at the nanoscale or atom scale. Moreover, the development of 
characterisation techniques and modelling enables to design the microstructure at 
the nanoscale level. One of the main microstructural features in TWIP steels are the 
formation of the mechanical twins. The twin characterisation has been performed 
using: (i) optical microscopy [7, 21, 31, 32], (ii) Transmission Electron Microscopy 
(TEM) [8, 17-19, 32-34], (iii) Electron Backscatter Diffraction (EBSD) [17-19, 33, 
34],  (iv) Electron Channelling Contrast Imaging (ECCI) [17, 28, 35] and Atom 
probe tomography [36, 37]. Each of the techniques has its advantages however, 
each of the techniques has specific limitations in nanometre scale twins’ 
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characterization. Furthermore, there is still a lack of a statistically significant 
method, which can be used for statistically valid analyses of the mechanical twins 
with thickness of 10-50 nm. Therefore, a new statistically valid mechanical 
twinning characterisation method will be applied in the current research.  
There are a number of parameters which can control the mechanical 
twinning development during deformation such as: (i) the steel composition [38, 
39]; (ii) the grain size [40-43]; (iii) the strain rate [44-46]; (iv) the applied strain 
[24, 39]; (v) the deformation temperature [39]; and (vi) the crystallographic 
orientation of the grain [24, 31, 43, 47]. However, there is still ambiguity about the 
role of mechanical twinning in the work-hardening of TWIP steel at elevated 
temperatures. Based on the microstructural evolution characterization and its 
correlation with the work-hardening, a deep understanding of the strengthening 
mechanisms and their contribution to the work-hardening at different strain and 
temperature levels will be presented.  
As aforementioned, one of the parameters which affects the mechanical 
twinning is the grain orientation. It has been extensively examined [17, 24, 48-50] 
and the conclusion was that (111)Ȗ is the most preferable grain orientation for the 
mechanical twinning nucleation. However, more study is required to explain why 
not all the grains with the preferable orientation undergo mechanical twinning even 
at fracture and why some of the non-preferably oriented grains undergo mechanical 
twinning.  
It is believed that mechanical twins mostly nucleate at the grain boundaries 
where there is a dislocation accumulation and consequently stress concentration. It 
has been concluded [51-57] that the grain boundaries characteristics (e.g. 
misorientation angle and axis) have a major role in the mechanical twinning 
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nucleation and these characteristics should be taken into consideration in addition 
to the grain orientation (i.e. Schmid factor). Therefore, the current research will 
examine in-situ the characteristics of the grain boundary in addition to the grain 
orientation. Furthermore, the influence of the grain boundaries alignment with the 
tensile deformation will also be studied. 
The prediction of the mechanical properties by computer simulations is very 
important issue. There have been numerous constitutive models [6, 8, 9, 12, 19, 31, 
45, 58-68] developed for the fcc and hcp materials. These models deal with 
microstructure hardening through the reduction of the dislocation mean free path 
with the occurrence of the mechanical twinning. Mechanical twins act as additional 
barriers to the gliding dislocation, therefore, reduce the effective grain size. Most 
of the constitutive models for TWIP steels [6, 8, 9, 12, 19, 31, 45, 58-68] have been 
based on predictions and assumptions or limited experimental results. In the current 
research, a constitutive model will be developed. The novelty of the current model 
will be in using of the extensive, statistically significant experimental data at 
different deformation conditions. Another uniqueness of the model is considering 
hardening and softening mechanisms solely in twinned and twin-free grains. The 
current model will better represent the real mechanical response of the TWIP steel. 
The main objective of the thesis is to increase the fundamental 
understanding of the deformation mechanism in TWIP steel i.e. effect of 
microstructural crystallographic parameters on the nucleation and growth of 
mechanical twins, at room and elevated temperatures by using novel techniques. 
Ideally, we will predict and control the microstructure-property relationship in the 
TWIP steel.  
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1.2 Thesis outline 
 
The following provides an outline of the chapters in this thesis: 
 
Chapter 2 covers a detailed literature review which provides the fundamentals 
understanding of the areas that are relevant to this research. This will start with an 
introduction of the advanced high strength steels and in particular the TWinning 
Induced Plasticity (TWIP) steels. This is followed by the detail overview of the 
microstructure-property relationship, nucleation and growth and strengthening 
mechanism of TWIP steels. Then, the importance of the stacking fault energy (SFE) 
and the parameters that can alter it would be discussed together with the various 
ways to calculate the SFE calculation. The next part of the literature review 
indicates the parameters which can affect the nucleation and growth of the 
mechanical twinning concentrating on the temperature and grain orientation. The 
final part of the literature survey covers the development of the constitutive 
modelling of the TWIP steels. 
 
Chapter 3 introduces the experimental materials and the methods used in this 
research. A single composition with a distinct grain size was subjected to the tensile 
experiments under a constant strain rate. Three methods of the microstructural 
examination were employed in this research. While Transmition Electron 
Microscopy (TEM) and Scanning Electron Microscopy with Electron Back 
Scattered Diffraction detector (SEM-EBSD) were previously used for the 
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microstructural examination in general and mechanical twinning in particular, the 
Scanning Electron Microscopy with Angular Selective Backscattered detector 
(SEM-AsB) was used for the first time to analyse the mechanical twinning activity 
during straining.  
 
Chapter 4 investigates the microstructural evolution and the parameters affecting 
the strengthening of the steel during straining. Mechanical twinning would be 
statistically examined at different deformation conditions. This extensive 
experimental data helps to evaluate the contribution of each microstructural feature 
to the work-hardening at a given deformation condition. As a summary of this 
chapter, a schematic representation of the parameters affecting the work hardening 
at different deformation conditions is presented.    
 
Chapter 5 examines the effect of the grain orientation on the nucleation of the 
mechanical twinning. During an in-situ tensile test the grains with particular 
orientations are being monitored on straining. This provides an insight on the 
preferable grain orientation for twinning and an explanation about each of the grain 
orientation behaviour.  
 
Chapter 6 utilizing the results of Chapter 4 in to a constitutive model. The current 
model uses an existing Kocks-Mecking-Estrin model in which the grains are being 
divided in-to two types, twinned and twin-free ones, and their contribution utilized 
using a rule of mixture. In previous models softening parameters were a 
temperature dependant however, the hardening parameters were material constant. 
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The current model has a new approach of using solely hardening and softening 
parameters for each type of grains. This provides a good agreement between the 
modelled and the experimentally acquired stress-strain behaviour.      
Chapter 7 concludes the past chapters to gain an overall overview and discussion.  
Chapter 8 consists of the conclusions from the current research and the suggestions 
for future work. 
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Chapter 2 
2 Literature review 
2.1 Introduction  
High Mn Twinning Induced Plasticity (TWIP) steels were developed circa 
1998 as a promising material for automotive applications. There are two 
compositional based types of the TWIP steels: (i) lower C (<0.05wt.% C), 15-
30wt.% Mn, 2-4wt.% Al, 2-4wt.% Si with some additional minor alloying elements 
and (ii) higher C (0.2-0.6wt.% C) with 15-30wt.% Mn. The TWIP steels have 
Ultimate Tensile Strength (UTS) of > 1GPa and elongation of > 60%, at room 
temperature. There are several deformation mechanisms operating at room 
temperature during deformation of TWIP steel, however, there is still uncertainty 
about the contribution of each deformation mechanism to the outstanding 
mechanical properties of the TWIP steel. It has been confirmed that good strength 
ductility balance in the TWIP steels is due to the substantial twinning during plastic 
deformation as a result of lowered Stacking Fault Energy (SFE) [2, 5, 7, 69-77]. 
Furthermore, changing the straining temperature altered the SFE and changed the 
deformation mechanism [46, 78]. Despite previous extensive investigations of the 
mechanical twinning phenomenon, the effect of deformation temperature and 
austenite grain orientation on the formation of mechanical twins is not completely 
understood. Moreover, previous attempts to model the stress-strain behaviour [6, 8, 
9, 18, 19, 25, 31, 64, 67, 68] had limited success due to the inconsistency of the 
modelling parameters. 
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2.2 Advanced High Strength Steels (AHSS) 
Increasing fuel prices and new safety demands have put pressure on 
automotive producers to look for new materials. The search for high strength steels 
with improved properties was stimulated by the need to accomplish the weight 
reduction and hence fuel economy without any reduction in safety issues. The 
conventional strengthening mechanisms, which were used to improve mechanical 
properties of steels are: (i) the grain boundary strengthening in which grains 
refinement strengthened the steel; (ii) solid solution strengthening in which the 
matrix atom is substituted by added elements introducing defects in the matrix and 
preventing the dislocation movement; (iii) precipitation hardening in which 
occurrence of the second phase in the original material prevents the dislocation 
movement; and (iv) martensitic hardening in which martensite was achieved after 
thermal treatment. The search for new strengthening mechanisms led to the 
development of new types of advanced high strength steels with multiphase 
microstructure such as Dual-Phase (DP), TRansformation Induced Plasticity 
(TRIP) and Nano-bainitic steels.  
The composition of DP steel of 0.05-0.15wt.% C 0.2-0.5wt.% Si 1.5wt.% 
Mn [79-82] leads to the formation of hard martensite islands in a soft and ductile 
polygonal ferrite matrix. The DP steels possess good mechanical properties [79-82] 
of 550-900 MPa strength and 15-35% elongation together with other industrial 
requirements such as good formability, suitable spot welding and cost effectiveness 
compared with Al alloys and plastics. The mechanical properties can be controlled 
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by the volume fraction of martensite. Formation of martensite introduces new 
dislocations around martensite islands in the ferrite matrix [82].   
Further search for new strengthening mechanisms introduced the 
Transformation Induced Plasticity (TRIP) [83] steels, which possess better 
mechanical properties than the DP steels i.e. ~ 1000 MPa strength and 20-40% 
elongation [83]. The TRIP steel microstructure consists of ferrite, bainite, small 
amount of martensite with high (10-20%) volume fraction of retained austenite 
[83]. The improved mechanical properties of TRIP steels are due to continuous 
transformation of retained austenite to martensite during straining, hereafter called 
TRIP effect, which is the main strengthening mechanism of this type of steel [83]. 
The first generation of TRIP steels contained mainly Ni and Cr as alloying elements 
to stabilise the austenite at room temperature [84]. However, these alloying 
elements are relatively expensive, which made it difficult to be economically 
competitive. Therefore, a new generation of TRIP steels was introduced having C, 
Mn and Si as the main alloying elements to achieve the retained austenite at room 
temperature [84, 85]. The C content of modern TRIP steels is 0.2-0.25 wt.%, to 
maintain an optimum austenite stability and good weld-ability. The level of Mn is 
typically about 1.5wt.%, as it may over stabilise the retained austenite [86], the 
level of Si is 1.5 wt.%, to prevent cementite formation. However, Si causes 
galvanising problems, therefore, it was suggested to partially replace Si by Al to 
avoid low quality surface finishing [85]. Moreover, the optimisation of the TRIP 
steel properties was achieved by adding small amount of P [85]. The alloying 
elements such as Ti, Nb, and V were also used, in small amounts, to increase the 
strength of the steel through the precipitation hardening. The alloying concept of 
TRIP steels is shown in Fig. 2.1.   
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Figure 2.1: Schematic diagram showing the effect of TRIP steel compositions on 
the TRIP steel properties [85]. 
A further demand for ultrahigh strength steels led to the development of 
bainitic steels, which also employ the TRIP effect in addition to extreme 
microstructural refinement. This class of steel was designed based on the 
thermodynamic approach to form extremely fine bainitic microstructure at 
relatively low phase transformation temperature [87]. The microstructure consisted 
of very fine plates of bainitic ferrite, with an average thickness of 20-50 nm, with 
very fine retained austenite films (i.e. ~20-50 nm) between them [87]. Due to the 
extreme refinement in the microstructure, these steels are known as nano-bainitic 
steels. The retained austenite plays very important role in this steel enhancing the 
work hardening capacity of the material through the TRIP effect, to overcome the 
low work hardening rate frequently observed in nanostructured grained metals [87, 
88]. Due to the operation of two strengthening mechanisms (grain refinement and 
TRIP effect) nano-bainitic steels offer a strength up to 2.3GPa with a ductility up 
to 30% [88].  
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Another type of steel, which relies on presence of austenite at room 
temperature ensuring the occurrence of mechanical twinning during deformation is 
TWinning Induced Plasticity (i.e. TWIP) steel. 
2.3 TWIP steels 
The TWIP steels were developed circa 1998 as a promising material for 
automotive applications [1, 2]. The compositions of TWIP steels are typically 
divided into two major groups: (i) lower C (<0.05 wt.% C), 15-30% Mn, 2-4% Al, 
2-4% Si with some additional minor alloying elements [1, 3, 4] and (ii) higher C 
(0.2-0.6 wt.% C) TWIP steels with 15-30 wt.% Mn [5-9]. The high Mn content was 
used to stabilise austenite at room temperature and produce a single phase face 
centred cubic (fcc) steel with low stacking fault energy (SFE, between 15-40 
mJ/m2) [10, 11]. The TWIP steels are characterised by high strain hardening rates 
leading to mechanical strengths of 700-1000 MPa and extraordinarily large 
elongations of up to 70% [1, 12]. The achievement of this combination of strength 
and ductility challenges the conventional perception of an inverse relationship 
between the two properties and occurs via the lowered SFE which causes 
substantial twinning during plastic deformation [45, 69, 89, 90]. The dominant 
deformation mechanism in TWIP steels is mechanical twinning. The formation of 
mechanical twins in TWIP steel continuously subdivides the austenite grains 
producing internal boundaries for dislocation gliding. In addition to mechanical 
twinning, other deformation mechanisms such as slip and transformation of 
austenite to martensite (TRIP effect) may take place during deformation of TWIP 
steel depending on the deformation temperature.  
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2.3.1 Alloying concept of TWIP steels 
At a constant deformation temperature, the chemical composition of TWIP 
steels is the major governing factor for the SFE level, which accordingly activates 
a certain mode of plastic deformation.  
The first generation of TWIP austenitic steels contained mostly Cr and Ni 
as alloying elements to stabilise the austenite at room temperature [22, 70]. These 
elements were later successfully replaced by Mn to reduce the cost [91-93]. The 
Mn levels are typically between 15 and 30 wt.% with minor other alloying 
elements. The compositions of steel developed by different research groups are 
summarised in Table 2.1.  
Table 2.1: Composition of TWIP steels developed by different research groups, 
(wt.%). 
Research group Mn C Si Al Ni 
[21, 94] 18 0.6 – – – 
[29, 94] 18 0.6 – 1.5 – 
[5-9] 22 0.6 – – – 
[3] 23 0.3-0.6 – – – 
[4] 24 0.06 2 3 1 
[1] 25 – 3 3 – 
[1] 25 0.03 3 3 – 
[66] 28 0.3 – – – 
 
Mn content is very important as it affects the SFE and influences the 
formation of mechanical twins. It was found that an increase in Mn content to 13-
15 wt.% decreased the SFE [95], when a further increase in the Mn level up to 28 
wt.% increased the SFE [1-3, 10, 13, 96, 97]. This parabolic behaviour of SFE as a 
function of Mn content was observed by others [66, 96], however, the level of Mn 
at which the SFE reaches the minimum reported by different groups [66, 96] varies 
considerably. Mn content can also significantly change the mechanical properties 
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of the steel. For example, a Mn level of > 28 wt.% can cause poor formability and 
delays the fracture [98]. In addition to the Mn effect, the contribution of C to the 
changes in SFE should also be considered.  
The data on the effect of C on the TWIP steel behaviour is controversial. It 
has been reported [10] that C has a very low effect on the SFE. However, others 
[99] have claimed a significant increase in the SFE by orders of magnitude with an 
increase in C level [99]. Furthermore, an increase in C level reduces the ductility 
of the TWIP steels that leads to the micro crack formation during steel production 
processes [100].  
Al (6 wt.%) is also used in the TWIP steel composition to increase the SFE, 
to promote the formation of mechanical twins [50]. Al increases strengths of 
austenite by solid solution hardening [20]. Furthermore, the addition of Al is very 
effective for improving of low temperature toughness, suppressing the ductile to 
brittle transition temperature and retarding the dynamic strain aging (DSA) effect 
[101].  
The addition of Si to the TWIP steel composition increases the strength of 
austenite through solid solution hardening by ~50MPa per 1wt.% Si [102].  
Other alloying elements such as N, Nb, Mo have been considered as 
additions to the TWIP steel composition [53, 62-65]. The addition of even 0.1wt.% 
N can improve the uniform elongation of TWIP steel up to 12% [103]. The addition 
of Nb enhances the yield strength and tensile strength of TWIP steel due to the 
grain refinement and precipitation hardening [104]. Additionally, Nb increases the 
elongation and hardenability of steel without any deleterious effect on galvano-
annealing reaction [104]. Addition of Mo has also been found [105] to contribute 
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to the mechanical properties of the TWIP steel [105]. The optimum combination of 
strength and ductility has been achieved through addition of 0.3 wt.% of Mo to the 
TWIP steel composition [105]. The improvement of corrosion resistance of TWIP 
steels could be obtained by the addition of N and Al together [96]. The later 
discussion of the effect of alloying elements on the stacking fault energy will show 
the contribution of alloying concept on the Gibbs free energy of the TWIP steel. 
The relationship between the TWIP steel composition and their mechanical 
properties are summarised in Fig. 2.2. 
 
Figure 2.2: Relationship between TWIP steel compositions and their mechanical 
properties in comparison with other materials [38]. 
2.3.2 TWIP effect 
As mentioned, the formation of mechanical twinning during straining is 
known as the main deformation mechanism contributing to the enhanced strength 
and ductility of TWIP steels [91-93]. Continuous nucleation of mechanical twins 
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during deformation produces barriers against the dislocation movement. Formation 
of twins within austenite grain is similar to the effect of the grain refinement on 
continues reduction of the dislocation mean free path known as dynamic Hall-Patch 
effect. This effect is described in equation 2.1 and is shown schematically in Fig. 
2.3 [91-93]. 
࣌࢟ ൌ ࣌૙ ൅ ࢑ξࢫ                          (2.1) 
where ࣌࢟ and ો૙ are the yield stress and material’s constant, respectively, for the 
starting stress of the dislocation glide (or the resistance of the lattice to the 
dislocation motion),  ࢑ is the strengthening coefficient (i.e. a constant considered 
to be unique to each material), and  ઩ is the dislocation mean free path. 
 
Figure 2.3: Schematic representation of dynamic Hall-Patch effect due to the 
formation of mechanical twins. ȁ – Dislocation mean free path.  
Although the twinning effect has been extensively studied, the initiation of 
nucleation of mechanical twins is still a matter of discussion. 
2.3.3 Nucleation and growth of the mechanical twins in fcc metals. 
One of the twin nucleation mechanisms was proposed by Orowan [106] 
using the classical theory of homogeneous nucleation. Homogeneous nucleation is 
the type of nucleation of mechanical twins in highly perfect crystals [107]. In 
homogeneous nucleation the stress to initiate twinning is much higher than in case 
ȁ ȁ ȁ 
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of heterogeneous nucleation. To overcome the high stress for nucleation, thermal 
fluctuation may initiate some instabilities in the material causing a small twinned 
region to occur [107]. However, there is little evidence to support the nucleation of 
mechanical twins is due to thermal activation [107]. Moreover, mechanical twins 
formation is often suspended with increased deformation temperature [46]. 
Furthermore, homogeneous twinning nucleation, under applied stress, implies 
mechanical instability of the lattice and takes place when the applied resolved shear 
stress reaches an optimum value [107]. This stress value is called theoretical 
strength of the material, which is an important material parameter in deformation 
and fracture theories [107]. However, in practice, there is no experimental proof 
that theoretical strength can be reached even in near perfect crystals. Furthermore, 
in order to twin to grow, the twin nucleus must reach critical size after which it can 
spontaneously grow [107]. However, the overall conclusion after earlier extensive  
calculations [107] was that the homogeneous nucleation of mechanical twins is 
impractical unless a combination of extreme conditions such as very high stress 
occurs. There is agreement that twinning nucleation is most probably initiated by 
imperfections in the lattice arrangement or grain boundaries [108], which occurs in 
every material. These defects may concentrate the stress and the local stress may 
reach the critical stress required for the twin nucleation. This type of nucleation, 
introduced by imperfections, is called heterogeneous nucleation. This was 
supported because the level of shear stress needed to form mechanical twins is 
much lower than material’s theoretical stress [107]. 
The models to describe the heterogeneous nucleation are based on 
dislocation dissociation reaction. The first model explaining nucleation and growth 
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of the mechanical twins in detail [41] was developed based on nucleation of the 
twin from the stacking fault. In this theory [41] a dislocation was considered to  
 into two partial dislocations, a sessile Frank and a glissile Shockley. When 
external stress is applied, the Shockley partial dislocation glides away from the 
Frank partial (pole mechanism) dislocation. This reaction produces an intrinsic 
fault on the plane of dissociation [41]. This configuration is unstable, leading to the 
recombination of the glissile partial on the nearby close packed plane. If the 
described process is continuously repeated on more than one close packed plane, 
the twin nucleus will appear [41]. Furthermore, when critical separation distance is 
achieved, the twin can grow by gliding the glissile Shockley dislocation on 
successive close packed plane meaning that no new dissociations are needed for 
further twin growth [41].  
Another model based on the same principles of dislocation dissociation 
[109] to Frank partial and high energy partial dislocation, which are likely to 
dissociate themselves to create rod like dislocations. In this case the energy to 
initiate dissociation is very high, but it is assumed that it may be compensated by 
lower energy for the twins to grow [109]. 
The main drawback of these two theories is the requirement of a very 
particular dislocation reaction, which is not energetically favourable [110, 111]. 
However, the most popular theory is that the dissociation of one full dislocation 
into two Shockley and Frank partial dislocations [107, 112] take place in metals 
with a stacking fault energy (SFE) lower than 40 mJ/m2 at room temperature. Under 
applied stress these partial dislocations will move away leaving the intrinsic 
stacking fault behind. The mobility of the partial dislocations can occur in form of 
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movement of two partials as a pair, by local separation following contraction of 
previously extended dislocation or by contraction of the screw dislocation while 
changing the glide plane [42]. Mechanical twins in fcc steels were observed 
forming and growing on twelve {111} <112> twinning systems. However, not all 
twelve twinning systems could operate in the same grain at a time. Usually, two [7, 
16-30] and rarely, three [13-15] twinning systems operate simultaneously at a high 
level of deformation. Another theory [113], based on the experimental data, 
described the activation of mechanical twinning through at least two slip systems, 
which provides the dissociation from two full dislocations to three Shockley partial 
dislocations. This kind of dissociation requires ultra-high stress concentration and 
is unlikely to take place [113]. 
Furthermore, a theory [114], which is based on the idea that twin is an 
interface between two similar phases rejects the previously proposed theories 
describing the dislocation dissociation reaction. Based on this idea twin will 
nucleate and grow very fast perpendicular to the twin surface in a similar way to 
the growth of martensite during TRIP effect [114].  
2.4 Effect of SFE on the deformation mechanism in the TWIP steels 
As mentioned above, the dislocation dissociation into partial dislocations is 
a key point for nucleation of twins. The amount of the dissociation of the partial 
dislocations and their mobility are defined by the SFE of the material [115]. The 
separation distance between two partial dislocations and, consequently, the SFE 
defines the deformation mechanism occurred in the TWIP steels (Table 2.2). At 
SFE lower than ~12mJ/m2, the main deformation mechanism is transformation of 
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the austenite to martensite (TRIP effect) during the mechanical deformation (Table 
2.2). This transformation causes a local volume extension of the material, which 
delays the onset of necking [98]. At SFE higher than ~60 mJ/m2, the deformation 
mechanism is mostly slip, in which the dislocations glide on slip planes takes place 
(Table 2.2). The mechanical twinning is a predominant deformation mechanism 
only within a very narrow region of SFE, 20 mJ/m2 – 50 mJ/m2 [2, 5, 7, 69-77] 
(Table 2.2). In some cases, more than one deformation mechanism concurrently 
takes place during deformation and in extreme cases all three of them operate at a 
time [69, 71]. 
Table 2.2: Summary of the effect of steel composition on the SFE and 
deformation mechanism 
Researchers 
Steel 
composition, 
(wt.%) 
SFE, martensite 
transformation 
SFE, 
twinning SFE, slip 
Remy and 
Pineua [69] 
Fe-20Mn-4Cr-
0.5C <15mJ/m
2 10mJ/m
2 < 
<50mJ/m2 >50mJ/m
2
Frommeyer 
et al [2] 
Fe-(15-25)Mn-
3Al-3Si <16mJ/m
2 §25mJ/m2 – 
Allain et al 
[7] Fe-22Mn-0.6C <18mJ/m
2 12mJ/m
2 < 
<35mJ/m2 >35mJ/m
2
Han and 
Hong [70] 
Fe-32Mn-12Cr-
(0.6-2.6)Al-0.5C – 60mJ/m
2 >60mJ/m2
Krüger et al 
[71] Fe-Mn-Al-Si <25mJ/m
2 25mJ/m
2 < 
<65mJ/m2 >65mJ/m
2
Dumay et 
al [74] Fe-22Mn-0.6C <18mJ/m
2 >12mJ/m2 >20mJ/m2
Oh et al [5] Fe-32Mn-<12Cr-(0.6-2.6)Al-0.5C <18mJ/m
2 >18mJ/m2 – 
Dini et al 
[75] 
Fe-(15-30)Mn-(2-
4)Al-(2-4)Si <18mJ/m
2 18mJ/m
2 < 
<34mJ/m2 >34mJ/m
2
Mujica et al 
[76] Fe-25Mn-3Al-3Si <20mJ/m
2 20mJ/m
2 < 
<35mJ/m2 >35mJ/m
2
Hamada 
[72] Fe-25Mn-(3-8)Al – 
25mJ/m2 < 
<60mJ/m2 – 
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2.4.1 The SFE calculation 
As aforementioned, the stacking fault energy is considered the primary 
intrinsic material property that affects the twinning propensity. The SFE value was 
found to be dependent on the calculation approach such as: (i) thermodynamic 
calculations [2, 5, 7, 69-72, 74-76], (ii) XRD line profile analysis [116], (iii) TEM 
weak beam dark field technique (WBDF) [117, 118] and TEM node technique [5, 
117].  
2.4.1.1 TEM – WBDF and node technique 
The TEM – WBDF method relies on the examination of partial dislocations 
separation distance. The partial separation distance, ࢊ expressed in the following 
equation: 
ࢊ ൌ ࡳȁ܊࢖ȁ૛ૡ࣊ࢽ ʉ
૛ିࣇ
૚ିࣇ ሺ૚ െ
૛ࣇࢉ࢕࢙૛ࣂ
૛ିࣇ ሻ           (2.2) 
where ࡳ is Shear modulus, ܊࢖ is the magnitude of the Burgers vector of partial 
dislocations, ࢽ is the stacking fault energy (SFE) and ࣇ is Poisson ratio.  
The node technique for SFE measurements [119] relies on the examination 
of the dislocation node. The SFE is the energy necessary to maintain the curvature 
of the node and it is expressed in the following equation: 
ࢽ ൌ ࣆ܊࢖૛ଶோ               (2.3) 
where ࢽ is the stacking fault energy (SFE), ܊࢖ is the magnitude of the Burgers 
vector of partial dislocation, and ࣇ is Poisson ratio. 
The SFE values calculated based on TEM by different research groups were 
summarised in Table 2.3. 
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Table 2.3: SFE values measured by TEM technique as a function of the steel 
composition 
Steel composition, wt.% SFE (mJ/m2) Method Researchers 
Fe-19Mn-5Cr-0.25C-1Al 20.9 TEM node Oh et al. [5] 
Fe-18Mn-0.6C-1.5Al 26.4 TEM node Kim J. and De 
Cooman B.C. 
[117] 
30 TEM WBDF 
Fe-22Mn-3Si-3Al 
Fe-25Mn-3Si-3Al 
Fe-28Mn-3Si-3Al 
15 
20 
37 
TEM WBDF Pierce et al. [118] 
 
This method provides an accurate measurement of the separation distance. 
However, the SFE calculation from TEM is based on the results from a limited 
number of grains due to the method limitation that does not represent the SFE of 
entire material. Importantly, the changes in the local composition of the area used 
for SFE calculation occurred due to, for example, C diffusion, can change the SFE 
values by as much as 30-40% [120]. Therefore, to avoid such risks of 
miscalculation the sample temperature before and during the experiment should be 
sufficiently low to prevent the diffusion of the alloying elements [120].  
2.4.1.2 SFE calculation based on XRD analysis  
XRD line profile analysis method is a combination of measurements of 
Stacking Faults (SF) probability and root mean square (rms) of micro-strain by 
XRD line profile analysis. The SFE values calculated based on this method were 
summarised in Table 2.4. This method evaluates statistically (average over volume 
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of 109 ȝm3 [121]) the microstructural parameters such as residual stresses, changes 
in lattice parameters, and intrinsic SF etcetera [121]. The changes in these 
parameters lead to the peak shift of the diffraction spectrum. To avoid instrumental 
error, the relative shifts of neighbouring (h1k1l1) and (h2k2l2) peaks from the 
deformed material and annealed standard powders, ¨2ș, should be obtained. The 
SF probability, Į, may be determined from the following equation [121]: 
ο૛ࣂ ൌ ሺ૛ࣂ૛૙૙ െ ૛ࣂ૚૚૚ሻ࡯ࢃ െ ሺ૛ࣂ૛૙૙ െ૛ࣂ૚૚૚ሻ࡭ࡺࡺ ൌ െ ૝૞ξ૜࣊૛ ሺ࢚ࢇ࢔ࣂ૛૙૙ ൅
૚
૛ ܜ܉ܖࣂ૚૚૚ሻࢻ              (2.4) 
where 2șs are the line positions in degree; ሺ૛ࣂ૛૙૙ െ ૛ࣂ૚૚૚ሻ࡯ࢃ and ሺ૛ࣂ૛૙૙ െ
૛ࣂ૚૚૚ሻ࡭ࡺࡺ are the difference between (200) and (111) peak positions for the 
deformed and annealed samples, respectively. 
After correction for the instrumental broadening, the broadened line profile 
can be expressed as a Fourier series as follows [122]: 
ۃࢿࡸ૛ۄࢎ࢑࢒ ൌ  ሾ࢒࢔࡭ࡸሺࢎ૚࢑૚ࡸ૚ሻି࢒࢔࡭ࡸሺࢎ૛࢑૛ࡸ૛ሻሿࢇ૙
૛
૛࣊૛ࡸ૛ሾ൫ࢎ૛૛ା࢑૛૛ା࢒૛૛൯ି൫ࢎ૚૛ା࢑૚૛ା࢒૚૛൯ሿ
                                (2.5) 
where ۃࢿࡸ૛ۄࢎ࢑࢒ is order-dependant rms microstrain;  ࡭ࡸሺࢎ૚࢑૚ࡸ૚ሻ and ࡭ࡸሺࢎ૛࢑૛ࡸ૛ሻ 
are the coefficients of cosine term with the first power in the Fourier series; 
൫ࢎ૚૛ ൅ ࢑૚૛ ൅ ࢒૚૛൯ and ൫ࢎ૛૛ ൅ ࢑૛૛ ൅ ࢒૛૛൯ are the hkl indexes of the diffraction planes; L 
is a length normal to the reflecting planes; ࢇ૙ is the lattice parameter of the 
standard. 
A detailed Fourier analysis of the line profile shows the values of order-
dependent rms micro-strain [121]. After all the calibrations and determinations of 
the constants, and combining the equation (2.4) with equation (2.5), the SFE can 
be evaluated from the following equation [121]:  
ࢽ ൌ ࡷࢎ࢑࢒࣓૙ࡳሺࢎ࢑࢒ሻࢇ૙࡭ష૙Ǥ૜ૠ࣊ξ૜
ۃࢿࡸ૛ۄࢎ࢑࢒
ࢻ                       (2.6) 
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where ࡷࢎ࢑࢒ is proportionality constant, ࡳሺࢎ࢑࢒ሻ is the shear modulus in (hkl) plane 
and ࡭ is Zener anisotropy coefficient. Some of the SFE values calculated by XRD 
for different steel compositions are summarised in Table 2.4.  
 
Table 2.4: SFE values measured using XRD technique as a function of the steel 
composition 
Composition, wt.% SFE [mJ/m2] Researchers 
Fe-18Mn- 0.6C 
Fe-18Mn-1.5Al-0.6C 
Fe-18Mn-2Al-0.6C 
Fe-18Mn-3Al-0.6C 
20 
29 
42 
45 
Jeong et 
al. [116] 
Fe-31Mn-0.25Si-0.77C 
Fe-31Mn-2Si-0.77C 
Fe-31Mn-5.2Si-0.77C 
Fe-31Mn-8.7Si-0.77C 
23 
24 
33 
59 
Tian et al. [123] 
 
XRD line profile analysis and TEM methods were compared by [124] and 
it was concluded [124] that SFE measurements using XRD are more accurate. The 
reason for that conclusion was the fact that TEM methods only cover a very small 
area of the material and cannot represent the bulk. Moreover, TEM sample 
preparation can affect the microstructure and, in hence, the measurement of the 
separation distance. Nevertheless, the calibration of the XRD device is needed and 
constants, such asࡷࢎ࢑࢒ǡ ࡳሺࢎ࢑࢒ሻǡ ࡭ and ࢇ૙, must be experimentally evaluated to make 
a reliable SFE calculations.  
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One of the approaches to obtain XRD spectrum for SFE calculation is to 
use synchrotron diffraction. This technique can provide a very fast and high 
resolution results but, restricted access to synchrotron facilities makes it a less used 
technique for SFE estimations. 
2.4.1.3 SFE calculation using thermodynamic approach.  
SFE estimation by thermodynamic approach is based on the calculation of 
the Gibbs free energy required to create a platelet of İ-martensite [125]. 
ࡿࡲࡱ ൌ ૛࣋ο۵ࢽ՜ࢿ ൅ ૛ો                                                   (2.7) 
where ȡ is the molar surface density along {1 1 1} planes, ǻGߛĺİ is the molar 
enthalpy of the transformation ߛ ĺ İ and ı is the surface energy of the interface    
ߛ / İ. ߛ and İ are austenite and martensite, respectively. 
οࡳࢽ՜ࢿ ൌ  οࡳ૙ ࢽ՜ࢿ ൅ οࡳࡱ ࢽ՜ࢿ ൅ οࡳ࢓ࢍࢽ՜ࢿ          (2.8) 
where οࡳ૙ ࢽ՜ࢿ is the molar fraction of the molar Gibbs energy of pure elements in 
given paramagnetic phase state, οࡳࡱ ࢽ՜ࢿ is the excess of molar Gibbs energy due 
to mixture of several elements, οࡳ࢓ࢍࢽ՜ࢿ is the molar Gibbs energy due to the 
magnetic state of the phase. It is worth to mention that another excess of Gibbs free 
energy οࡳ௘௫ was introduced [95] to imply the contribution of the grain size to the 
SFE. However, there is still a debate whether the grain size has direct contribution 
to the SFE.   
All Gibbs free energy components are temperature and steel composition 
dependant, therefore, thermodynamic approach was widely used to understand how 
the composition of the steel and deformation temperature affects the SFE and 
therefore, the deformation mechanism [7, 10, 11, 74, 118]. The calculations of the 
SFE were based on chemical composition where the contribution of each element 
was estimated using a simple law of mixture.  
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In addition to variations in Gibbs free energy estimations, there were also 
irregularities in the surface energy of the interface ߛ / İ (ı) estimation. Some 
researchers considered ı as constant [7, 10, 74], however, others [11] considered it 
as a temperature dependant parameter.  
In conclusion: Despite that the TEM technique has been widely used for 
SFE calculation, it has a number of limitations such as effect of TEM sample 
preparation, local compositional fluctuation and effect of grain orientation.  
The XRD approach can offer the calculation of SFE of entire material, but 
has a limitation on instrument calibration and lack of instrument accessibility.  
SFE calculation using thermodynamic approach was considered to be 
inaccurate because of the inconsistency in the literature however, it is the most 
accessible technique for SFE estimation as it does not involve using any equipment.  
2.4.2 Effect of alloying elements on SFE. 
There is uncertainty about the effect of the alloying elements on the SFE. 
Some researchers [7, 11, 74] studied this effect and developed models based on 
their conclusions. However, others [10] neglected the alloying elements 
contribution to the SFE by assuming that it is less than 1 mJ/m2. 
The composition of steel was found to have a pronounced effect on SFE 
values [1-3, 7, 10, 11, 74, 96, 97, 126, 127]. For example, Ni as an austenite 
stabiliser increases the SFE of TWIP steel and promotes twinning [127]. However, 
due to the high cost it has not been widely used for TWIP steel production [127]. 
There is uncertainty about Cr contribution to the SFE. Initially, it was reported that 
Cr slightly increases the SFE [126]. However, a more recent work by Dumay at al. 
[128] showed the opposite effect, that Cr slightly decreases the SFE. The ambiguity 
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of the research outcomes on the role of Cr and the high cost of Cr make this element 
unpopular for TWIP steel. Mn was found to be a good, cost efficient replacement 
for Ni and Cr with similar advantages. Initially, it was reported [13] that Mn reduces 
the SFE. Later, the influence of Mn on the SFE was summarised [95] and it was 
found [95] that SFE has parabolic dependence on Mn content with a minimum 
ranging between 10 and 20 %, depending on the research group [95].  Though, there 
is an agreement among other researchers that raising the Mn content in TWIP steel 
increases the SFE [1-3, 10, 96, 97] (Fig. 2.4).  
Figure 2.4: The SFE values as a function of Mn content of the TWIP steels [10]. 
C had very little influence on the SFE [3, 10, 129], i.e. with changing the C 
level from 0.65 to 0.85wt%, only minor changes in SFE can be observed (Fig. 2.4). 
However, C effectively stabilises the austenite, retarding the austenite to martensite 
transformation through reducing Ms (a temperature in which austenite to martensite 
transformation takes place) i.e. promoting the TWIP effect. On the other hand, an 
increase in the C content can lead to the formation of carbides, which are not 
desirable in the TWIP steel microstructure.  
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Al is another potential element that can increase the SFE and suppresses the 
austenite to martensite transformation [1, 10, 73, 77, 96, 130, 131]. However, there 
is a disagreement about the exact rate of SFE increase: (i) 6 mJ/m2 per 1 wt.% of 
Al [10, 128] or (ii) ~10 mJ/m2 per 1 wt.% of Al [5, 116].  
The role of Si in the composition of TWIP steel is diverse. On one hand, Si 
reduces SFE, sustaining the austenite to martensite transformation during the 
mechanical deformation [1, 73, 96, 131, 132]. On the other hand, Si prevents 
carbide formation, which stabilise the austenitic phase [1]. 
There is a debate about N contribution to the SFE. It was reported that N 
increases the value of SFE at the N content of up to 0.4wt.%, but it has an inverse 
effect on the SFE at higher N levels [133]. More recent studies revealed that N 
increases the SFE in the Fe-Mn steels, stabilising the austenite phase and reducing 
austenite to martensite transformation temperature [46, 130]. Moreover, N can 
reduce the mechanical twinning thickness and in some cases foster martensitic 
transformation at the intersections of two twinning systems [134].  
2.4.3 Effect of deformation temperature on the SFE 
Each of the three Gibbs energy components of SFE described in equation 
2.8 is temperature dependent. Therefore, the deformation temperature has a great 
effect on the SFE. Moreover, several studies have confirmed that the deformation 
temperature changes the SFE, consequently promoting different deformation 
mechanisms [6-8, 47, 135]. The temperature governs the deformation mode in the 
same way as the composition. The same composition can have all three deformation 
modes at different deformation temperatures i.e. deformation by TRIP effect at low 
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temperatures, deformation by TWIP effect at moderate temperatures and 
deformation by slip only at higher temperatures [7].  In other words, each steel 
would have two transition temperatures: (i) from deformation mostly by TRIP to 
deformation mostly by TWIP and (ii) from deformation mostly by TWIP to 
deformation mostly by slip. Therefore, the deformation temperature can affect not 
only the deformation mode but also the parameters of the microstructure formed as 
a result of deformation mode. For twinning mode, for example, they are the critical 
strain or critical stress for twinning, the maximum volume fraction of mechanical 
twins, twin density, average twin length and an average twin thickness.  
2.5 The effect of deformation temperature on the critical strain and critical 
stress for twinning.  
It has been reported [7, 20, 21, 28] that the mechanical properties of the TWIP 
steels deteriorate with an increase in the deformation temperature due to the 
changes in SFE. As mentioned above, the deformation temperature has a significant 
influence on the SFE, which may cause alteration of the deformation mechanism 
[7] consequently affecting the strain hardening behaviour [11, 99].  
The critical strain for twinning (i.e. the strain at which mechanical twins 
nucleates) has been recently reported to be temperature independent [21], however, 
others have claimed that increased deformation temperature postponed the 
initiation of the mechanical twinning to higher strain levels [20, 28]. It has been 
reported that the critical strain postponed from about 10% of true strain at room 
temperature to more than 30% of true strain at 400oC [28] and from 0.2 to 2.3% at 
-60oC and 100oC respectively [20]. It is also worth noting that the critical strain for 
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twinning could be changed with the change of steel composition i.e. the change in 
the SFE [20]. Furthermore, even at room temperature there has been discrepancy 
in the reports of the critical strain for mechanical twinning [9, 18, 19, 21, 32, 33], 
Table 5. The main reason was the limitation on the optical technique used to 
observe the twins initiation [21].  
The critical stress for mechanical twinning initiation in metals with fcc 
structure has been also a matter of debate [42, 43, 69, 136]. Some researchers have 
claimed that the critical stress for mechanical twinning is temperature independent 
[42, 136], others have observed the parabolic behaviour of critical stress with the 
temperature changes [41] and some groups have revealed an increase in critical 
stress with increasing deformation temperature [43, 69]. Furthermore, a simple 
linear equation based on SFE and burgers vector was proposed to estimate a critical 
twinning stress in polycrystalline materials [137]: 
ߪ௧௪ ൌ ͸ǤͳͶ כ ఊೞ೑௕              (2.9) 
where ߪ௧௪ is a critical stress for twinning, ߛ௦௙ is stacking fault energy and ܾ is 
burgers vector.  
The differences in the results between different groups could be explained by the 
difficulties in defining the exact stress value at which the nucleation of twins 
occurs.  
The alteration of twin length and thickness during deformation at different 
deformation conditions is also a matter of debate. It has been reported earlier [45] 
that an average twin length and an average twin thickness decrease [45] with a 
decrease in deformation temperature, which reduces the volume fraction of 
mechanical twins [21, 28] and the twin density [1, 3, 138-141]. Recent works 
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performed by two different research groups [21, 28] have covered in detail the 
kinetics of mechanical twinning during straining at different deformation 
temperatures [21, 28] and did not find any alteration of the twin thickness at 
different deformation conditions. However, it was revealed [21, 28] that the 
mechanical twinning tended to diminish with the increase in the deformation 
temperature. The aforementioned reports [21, 28] were conducted using different 
characterisation techniques, which led to diversity in the reported results. 
2.5.1 On the parameters affecting the understanding of twinning behaviour 
The analysis of the literature from the previous study of the TWIP steel 
behaviour during deformation revealed the inconsistencies in the critical strain level 
for twins initiation and the twinning saturation parameters defined by different 
research groups [9, 18, 19, 21, 32, 33], (Table 2.5).  
As seen from Table 2.5, the critical true strain for twinning initiation 
observed by different research groups deviates from zero to 0.12 true strain at room 
temperature (Table 2.5). The saturation volume fraction of twins and the true strain 
level at saturation have been reported by different groups from 8 to 33 % and from 
0 to 0.568 strain respectively (Table 2.5). The large scatter of the results appeared 
to be due to several reasons such as: (i) steel composition, and deformation 
temperature (ii) grain size, and (iii) technique used for twins characterization.  
Several techniques have been used to characterise the mechanical twinning 
parameters: (i) optical microscopy [7, 21, 31, 32], (ii) TEM [8, 17-19, 32-34], (iii) 
Electron Backscatter Diffraction (EBSD) [17, 19, 33, 34] and (iv) Electron 
Channelling Contrast Imaging (ECCI) [17, 28, 35]. Each of the techniques has 
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specific limitations in characterisation of twin microstructure. Optical microscopy 
has a resolution limitation on the revealing fine (20-50 nm) mechanical twins as 
conventional optical microscopy resolution is ~200 nm. TEM can analyse only a 
very limited area. The SEM-EBSD study has also resolution limitation as the 
efficient step size cannot be lower than 50 nm. Therefore, the data obtained from 
EBSD analysis is not sufficient to quantitatively estimate the twinning parameters.  
Apart from the limitations of the techniques, there has been a debate about 
the method of calculating the mechanical twinning parameters [7, 8, 17-19, 21, 28, 
31-34, 135]. The volume fraction of twinned grains can be measured using three 
methods: (i) point counting method using a mesh, line or a circle [45, 69, 142] or 
(ii) a method in which the sum of grains containing mechanical twinning divided 
by the overall number of grains [18, 19, 143] or (iii) by high energy X-ray 
diffraction (HEXRD) [135] and (iv) modelling [31]. The first method is mainly 
used to characterise the material with coarse grains (typically > 50ȝm) using optical 
microscopy. The advantage of the method is the large area for analysis. The second 
method is used to examine material with small grains size (typically from 1 to 
10 ȝm) by TEM. The limitation of this method is the number of analysed grains. 
Similar limitation should be mentioned for EBSD analysis. The modelling method 
is based on modelling of the stress-strain behaviour by assuming that it is dependent 
on the twin thickness [31].  
The correct estimation of the MFP is also very important for understanding 
and modelling of the stress-strain behaviour of TWIP steels. The discussion of the  
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Table 2.5: Summary of the results published by different research groups on twinning behaviour in TWIP steels.  
 
Twinning 
behaviour 
characteristics 
Research Groups 
Choi et 
al. [32] 
Jung et 
al. [21] 
Barbier et 
al. [33] 
Huang et al. 
[143] 
Kim et 
al. [18] 
Kim et 
al. [19] 
Jung and De 
Cooman [20] 
Bouaziz et al. [9] 
Critical strain 
level for 
mechanical 
twinning 
0 0 0.02 0.03 0.04 0.04 0.002-0.023 
Depends on 
temperature and 
steel composition  
0-0.12 grain size dependant 
Volume fraction 
of twins at 
saturation (%) 
- 33.1 - 20 8 15 5-17 
Depends on 
temperature and 
steel composition 
20 
 
Strain at which 
saturation 
occurred 
0.568 Fracture 
(~0.5) 
0.3 0.4 Fracture 0.2 
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stress-strain behaviour modelling will be presented in Chapter 6. The MFP for these 
models was empirically estimated using equations 2.10 and 2.11:  
ଵ
௸ ൌ
ଵ
ௗ ൅
ଵ
௧                                 (2.10) 
where: ߉ is the mean free path, ݀  is the grain size, ݐ is the average distance between 
the twins. 
ଵ
௧ ൌ
ଵ
௔௘
ி
ሺଵିிሻ            (2.11) 
where: ܨ is the volume fraction of twins, ݁ is the twin thickness and ܽ is constant, 
which was 1 or 2, depend on the different estimations of the twin shape.  
As could be seen from equations 2.10 and 2.11, the average distance 
between the twins and the twin thickness is an essential parameter to evaluate the 
MFP. However, the average distance between twins has been measured as the 
average distance between the twins [31] or in some cases the average distance 
between the twins’ bundles [8, 31] based on TEM images. Moreover, the twin 
thickness values reported in the literature [6, 9, 19, 28, 31, 64, 135, 143] has varied 
from 10 to 1000 nm and as was reported in [135], might change during 
deformation [135]. The twin thickness reported by different groups is shown in 
Table 2.6. The MFP and, in turn, the stress-strain modelling could be hardly 
affected by these parameters. Although there are many methods to characterise 
twinning evolution and behaviour but, there is no robust statistical measurements 
approach yet [135, 144] which can provide accurate and consistent results. 
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Table 2.6: Twin thickness in the TWIP steel reported by different research groups. 
 
 Bouaziz 
and 
Guelton 
[64] 
Allain et al. 
[31] 
Allain et al. 
[6] 
Bouaziz et al. 
[9] 
Huang et al. 
[143] 
Soulami et al. 
[135] 
Kim et al. 
[19] 
Steinmetz et al. 
[28] 
Twin thickness 
(nm) 
1000 30  15  30  30  10 – 70, 
average of 45 
used in the 
model 
30  30  
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As discussed above, the temperature and the steel composition affect the 
mechanical twinning evolution through altering the SFE however, there are few 
other parameters such as grain size, strain rate and grain orientation, which can 
influence of the mechanical twinning. 
2.6 Effect of the grain size on the mechanical twinning 
There is a good agreement among research groups that twinning can be 
inhibited by grain refinement and that the contribution of twinning to significant 
work-hardening is limited to the coarse grains [40-43]. The critical grain size for 
mechanical twinning depends on parameters such as the chemical composition of 
the material, the SFE, the strain rate, the deformation temperature and the grain 
orientation [141, 145, 146]. It has been reported that the grains size affects the 
effective SFE of the material, thereby, altering the deformation mechanism by 
switching the mechanical twinning on and off [146]. Moreover, there have been 
some SFE calculations involving a component of the effective Gibbs energy, which 
is grain size dependent [11, 95]. In addition, the twinning, most likely, takes place 
in the areas with high stress concentration such as grain junctions and the grain 
boundaries [147], therefore, it was assumed by [128] that smaller grain size can 
provide more nucleation sites for twinning due to an increase in the grain boundary 
area. However, this assumption was proven to be correct for materials with grain 
size in the range of 1-100 nm only [141, 146], and differs from other findings for 
larger grain size [40-43]. 
Furthermore, applied stress seems to initiate twinning by increasing the 
strain i.e. an increase in stress leads to an increase in strain leading to more intensive 
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twinning. In other words, the initiation of mechanical twinning is strain rather than 
stress dependant [16, 148]. In most cases the Hall-Petch equation, equation (2.1), 
appears to describe the twin strengthening contribution. However, the exact form 
of dependence is not clear yet [43]. The effect of the grains size on stress, while 
twinning is the main deformation mechanism, has been explained [16, 136, 141, 
145, 148-153] using two different Hall-Petch equations describing solely slip and 
twinning mechanisms. In this case, two different constants (i.e. ݇௦௟௜௣ and ݇௧௪௜௡ for 
slip and twinning, respectively) have been used [16, 136, 141, 145, 148-153]. This 
approach considers slip and twinning as unrelated mechanisms. However, it has 
been observed [17] that a multiple slip system is required for activating twinning 
and, as a result, it was assumed that ݇௧௪௜௡ and ݇௦௟௜௣ are very similar and can be 
swapped [17].  
2.7 The effect of the strain rate on the mechanical twins 
The deformation strain rate significantly affects the volume fraction of 
mechanical twins [44-46]. It has been reported [154] that the sample temperature 
can increase up to 100oC during the tensile test, at the strain rate of 10-2/s, due to 
the adiabatic heating. According to [1, 2, 132, 136, 141] ,at a strain rate greater than 
10-2/s, (e.g. the strain rate of 10/s) the mechanical twinning is suppressed and the 
slip deformation is promoted due to the substantial adiabatic heating generated 
throughout testing. Moreover, the strain rate increment enhances the temperature 
range for the mechanical twinning, which consequently suppresses the slip and 
sustains the mechanical twinning at elevated temperatures [3, 155]. Furthermore, 
an increase in the strain rate reduced the twinning critical resolved shear stress [141, 
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155] promoting the nucleation of the mechanical twins [42, 155, 156]. Additionally, 
at strain rates greater than 10/s, mechanical twins are likely to group together as 
bundles producing a stronger obstacle to the dislocations movement [45, 156].  
The understanding of the effect of strain rate on the formation of mechanical 
twins is important for industrial application; however, it has been difficult to 
separate the strain rate effect from other possible phenomena (e.g. temperature and 
high speed deformation), therefore, the outcome of the studies of mechanical 
twinning at high strain rates requires further investigation. 
2.8 Grain orientation effect on the mechanical twins 
A number of investigations on the mechanical deformation of cubic 
structured materials particularly high Mn steel, have shown that the grains tend to 
change their orientations under deformation [1, 14, 17, 23, 31, 33, 43, 47-50, 63, 
157-162]. The first model [157] of the deformation texture of single crystal cubic 
metals showed that grain rotation is asymmetric and the rotation of the grains 
during tension is different from the rotation of the grains during compression. 
During tension, the grains in fcc metals are favourable to rotate from <101> 
orientation toward <001> and <111> orientations [157], and the rotation is taking 
place on {111} slip systems [157]. Similarly to the single crystal behaviour, the 
polycrystalline materials have a tendency to rotate during deformation [43]. 
Furthermore, in fcc materials with low SFE, mechanical twins are favourable to 
appear on primary or conjugate {111} slip planes [31, 43, 47] and a second 
twinning system was initiated at a strain level of about 0.15 [31, 47]. Interestingly, 
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the grain rotation can alter the SFE up to 50% resulting in twinning or slip 
dependent on the grains orientation [63]. 
Recently, a noticeable dependence of twinning on grain crystallographic 
orientation has been shown in polycrystalline high Mn, low SFE steel [17, 161, 
162]. This dependence can be well explained by mapping the Schmid factor [17, 
162] or the Taylor factor [161] on the inverse pole figure of the material. The 
Schmid factor indicates the orientation at which the material resolves the most 
amount of shear stress under deformation, and the Taylor factor indicates the ratio 
between the macroscopic stress and the resolved shear stress at a given orientation.  
During tensile deformation, the Schmid factor on <100> direction is lower 
for twinning deformation than for slip deformation, and vice versa on <111> 
direction [12, 43, 150, 163]. Moreover, the grains with higher Schmid factor for 
twinning are favourable to rotate toward the <111> direction along the tensile axis 
by slip deformation [12, 43, 150, 163]. Therefore, the grains containing twins are 
mainly located near the <111> orientation. However, there were no <101> oriented 
twinned grains at late stage of the deformation as they may have rotated toward 
<111> or <100> orientations due to the crystallographic slip. 
Similar to the Schmid’s law, the Taylor factor can determine the mode of 
deformation. During tensile deformation, the grains with higher Taylor factors 
along the <111> orientation and the lower along the <100> orientation tend to be 
deformed by mechanical twins and slip respectively.  
Despite extensive studies [1, 14, 17, 23, 31, 33, 43, 47-50, 63, 157-162], 
there is no in-situ study of different grain orientations throughout the tensile 
deformation. Previous studies have mostly concentrated to analyse the grain 
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orientations effect on the mechanical twinning either at the very early stages of 
deformation or at fracture. There are no studies of the development of the 
mechanical twins and the crystallographic orientation of the grains in which twins 
have been initiated and grown during tensile deformation. Therefore, the effect of 
the grain orientation on the twin formation as a function of strain is an important 
aspect for understanding the microstructure-property relationship in the TWIP 
steels. Furthermore, it is believed that the mechanical twinning tend to nucleate at 
the grain boundaries, however, there is lack of detail investigation of the grain 
boundaries characteristics and their effect on the mechanical twinning nucleation.  
2.9 Dynamic strain aging in TWIP steels 
Serration of the stress-strain curves is the representative feature observed in 
the TWIP steel (Fig. 2.5) [39, 164, 165]. This effect appeared to be due to the 
dynamic strain aging (DSA) [165]. The DSA was associated with the formation of 
localised deformation bands, so called Portevin-Le Chatelier (PLC) bands [165]. In 
high Mn austenitic steels, the PLC bands are a very common feature and they are 
more prominent in steels with C content greater than 0.5 wt.% [165] (Fig. 2.5). 
DSA was observed in the temperature range where the diffusivity of solutes, and C 
in particular, is extremely low, which prevents the solutes from diffusing to the 
dislocation [164]. Furthermore, during deformation at high strain rate there is 
sample heating and the temperature can reach up to ~100oC [154]. However, this 
local heating is still insufficient to accelerate C diffusing as the DSA mechanism 
based on large diffusion distances [164].  
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Figure 2.5: The effect of TWIP steel composition on the DSA effect (strain-stress 
curves serration) [39].  
Another way to explain the presence of serration [21] is a continuous 
process of accumulation of internal energy during the deformation and relaxation 
of this energy by the formation of twins. In other words, a local increase in stress 
during deformation is due to the localised increase in strain, while the localised 
drop is associated with the formation of twins and relaxation of the internal 
energy [21]. This explanation has been suggested [166] based on an internal 
variable theory and was implemented in the stress-strain model as an increase and 
decrease in the stress (i.e. serration), during the deformation [166].  
The alternative explanation of DSA effect has been proposed [164] based, 
on the reorientation of the Mn-C bundles and their interaction with the stacking 
faults that takes place during deformation in high Mn low SFE steels [164]. 
Furthermore, it has been proposed that the addition of Al affects the SFE and 
therefore, affects the DSA as well [164]. The employment of atom probe 
tomography (APT) allowed for the study of C arrangements with the formation of 
clusters in the TWIP steel as a potential cause of the DSA effect [36, 37]. Moreover, 
APT enables the study of the segregation of C or Mn to the twins. The continuous 
segregation during deformation, again, can be a reason for serration. However, the 
APT study did not show the formation of clusters and its interaction with 
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dislocation movements during deformation or the segregation of alloying elements 
to the twins [37]. A recent study of the DSA effect in TWIP steel [20] has suggested 
two types of DSA patterns, that can be observed in TWIP steels: (i) sharp rise in 
stress interchanging by plateau-like region, and (ii) irregular serration. While the 
first type of serration usually appears at low strain levels, the second appears at 
higher strain levels as a continuation of the first type of serration [20]. The pattern 
of the DSA can be affected by the steel composition or deformation 
temperature [20], for example, an increase in the deformation temperature can 
move the DSA effect to earlier strain levels or alter it from one type to another [20].  
Al was added to TWIP steels to prevent the occurrence of the PLC 
bands [165]. And indeed, Al addition postponed the occurrence of serrations on the 
deformation curve [164, 165]. The suspension of the DSA could be explained by 
the SFE increase because of the Al addition to the steel composition [164]. 
However, DSA could be still observed at the later stage of the deformation in the 
Al-added steel [165].  
The strain rate has been found to affect the DSA effect [164]. For example, 
high strain rate increased the intervals between the DSA serrations occurring during 
deformation [164].  
2.10 Modelling of TWIP steel behaviour. 
The first model of TWIP steel behaviour during deformation was 
introduced by Bouaziz and Guelton [64] and was based on the Kocks-Mecking 
model [167] with application of the Kubin-Estrin model [168, 169]. This model 
utilises a previously known kinetic equation, which establishes a relationship 
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between the dislocation density entering the model as an internal variable and the 
flow stress [42]. The basic approach was based on using the same hardening and 
recovery parameters for the entire material and added the contribution of the 
twinning by incorporating it in the dislocation mean free path (MFP) evolution. The 
model proposed by Bouaziz and Guelton estimated the MFP of the material using 
the mechanical twin spacing and mechanical twin thickness [11]. This information 
enters the evolution equations for dislocation density. There were several attempts 
to improve the model and add more details into it; 
(i) Allain et al. [31] used TEM observations of mechanical twins showing 
that the twins are ordered together in a stack of five with an overall thickness of 
30 nm.  
(ii) Allain et al. [6] assumed that the twin stack thickness and the number 
of twins in the stack are 15 nm and 3, respectively.  
(iii) Bouaziz et al. [9] modelled the grain size effect on mechanical twinning 
incorporating the Bauschinger effect into the model. A new empirical equation was 
introduced to calculate the volume fraction of mechanical twins assuming that the 
maximum volume fraction of twins was 0.2 and the mean twin thickness was 30 nm 
[9]. Furthermore, a critical strain for the mechanical twinning initiation was found 
to be dependent on the grain size [9].  However, the critical stress for the mechanical 
twinning was constant [9].  
(iv) Kim el al. [18] added the dynamic strain aging (DSA) effect to the 
existing Kocks-Mecking-Estrin (KME) model. However, the contribution of the 
DSA effect at room temperature was found to be ~ 20MPa [18], which is a 
negligible value in comparison to the strength of the steel, ~1GPa. Similarly to the 
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previous models, the contribution of the mechanical twinning was considered 
through the MFP [18]. This model divided the grains in to two families: twinned 
and twin-free, however, the hardening and the dynamic recovery parameters were 
the same for both types of grains [18]. Moreover, the maximum volume fraction of 
twins and the saturation strain for twinning were anticipated but not calculated. 
However, the parameters were slightly different, with the maximum volume 
fraction of twins assumed to be 8% and the twin saturation strain assumed to be 0.3 
[18]. Later, the same research group [19] improved the model and assumed the 
value of the maximum twin volume fraction and the twin saturation strain to be 
15% and 0.4, respectively. The fraction of twinned grains and the dislocation 
density were measured using TEM and then fitted and a good agreement between 
the modelling stress-strain behaviour was achieved [19].  
Other models used slightly different approaches to predict the stress-strain 
behaviour of TWIP steel: 
(i) Sevillano [68] used an approach that considered the mechanical twinning 
contribution, both to the macroscopic strain hardening and to the development of 
forward and backward internal stresses in twin and matrix regions respectively.  
(ii) A semi-phenomenological model [25], partially using the previously 
described Kocks-Mecking model was employed to evaluate the flow stress. This 
model predicted the mechanical properties based on the chemical composition and, 
similarly to the previous models, the parameters used in this model were also fitted.   
(iii) The most recent model defined the nucleation and the growth of 
mechanical twinning in details [28]. New microstructural features found in TWIP 
steel during compression deformation such as dislocation cell substructure were 
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incorporated in the model. In this model, the mobile dislocation density was defined 
as a combination of (a) dislocations in the cell interior, (b) dislocations inside cell 
walls and (c) dislocation dipoles in the cell walls. To calculate dislocation density, 
each constant parameter corresponds with a different microstructural feature. 
Mechanical twinning was incorporated in the model by including this phenomenon 
in the MFP estimations [170]. The twinning MFP in this model was calculated in 
the cell interiors and the cell walls separately using a similar approach to the 
previous models [170].    
Despite extensive modelling of mechanical behaviour of TWIP steels in 
previous studies [6, 8, 9, 12, 19, 31, 45, 58-68], existing models suffer from a lack 
of experimental data that identifies the contributions of twin-free and twinned 
grains. In previous work [19], the modelled stress was a combination of a stress in 
twin-free and twinned grains.  
It is worth noting that the models described above mainly used two different 
TWIP steel compositions (i.e. Fe-22Mn-0.6C and Fe-18Mn-0.6C (wt. %) steel), 
and most of the parameters used in those models were assumed or theoretically 
estimated. Some of the parameters were measured using TEM, though it has a 
drawback of covering limited amount of material volume and consequently a 
limited amount of grains. Moreover, some of the twin characterisations were made 
using EBSD, which is not sensitive enough to monitor nanometrical mechanical 
twins. The data used in previous models were collected from a small number of 
images of only a few grains, which covered a limited area with a lack of statistical 
value.  The recent model [28] incorporated SEM ECCI, which is able to reveal the 
microstructural features and observe a larger area than TEM. However, only grains 
with a particular orientation were examined [28]. The amount of measurements was 
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limited and the vast majority of the twin volume fraction behaviour was modelled. 
Therefore a new model, based on extensive experimental data covering different 
grain orientations equally is needed to accurately predict the stress-strain behaviour 
of the tested TWIP steel over a wide range of temperatures.  
2.11 Summary 
Over the past decades, advanced high strength steels, and TWIP steel in 
particular, have been investigated extensively. Specific attention has been given to 
the TWIP steels due to their outstanding mechanical properties and attractive price. 
The exceptional mechanical properties of TWIP steel are due to the occurrence of 
the twinning induced plasticity effect through deformation, which contributes to 
the work-hardening behaviour of the steel. These collective studies provide wide-
ranging information about the parameters that affect the formation of mechanical 
twins during deformation. Parameters such as steel composition, grain size, strain 
rate, deformation temperature and grain orientation can change the deformation 
mechanism entirely. However, mechanical twin parameters (e.g. the volume 
fraction of twins, the volume fraction of twinned grains and the dislocation mean 
free path) have been characterised mainly at fracture and there has not been a 
detailed analyses of the evolution of these parameters during straining. Moreover 
previous studies have used different characterisation techniques, which have 
limitations in detecting nanometrical mechanical twins. Furthermore, the 
parameters were modelled or estimated using different measuring methods. To 
accurately model the stress-strain behaviour, it is essential to take into account the 
volume fraction of twins, the volume fraction of twinned grains and the MFP. 
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Therefore, a new accurate and statistically established method should be developed 
to measure these parameters. It could be then implemented in stress-strain models 
of TWIP steel to truly predict the stress-strain behaviour of the steel at different 
deformation temperatures. 
Furthermore, grain orientation dependence on twinning was mostly 
investigated at fracture, with limited information about twinning development in 
particular oriented grains. Monitoring the grains in high resolution will help to 
provide insight on the preferable orientation and development of mechanical 
twinning in the early stage of tensile deformation. Moreover, investigating the grain 
boundaries characteristics may add more information about the most favourable 
conditions for the formation of mechanical twins. 
The potential research questions of the project, in essence, can be 
formulated as: (i) extensively quantitative and statistically valued analysis of 
twinning parameters in TWIP steel, at different strain levels, at different 
deformation temperatures, (ii) modelling the stress-strain behaviour using the 
experimentally found parameters and (iii) studying the effect of grains orientation 
on the mechanical twinning nucleation. The scope of the project involved 
establishing the following outcomes: 
x developing a reliable quantitative technique of mechanical twinning 
characterisation; 
x understanding of the twinning evolution during straining at different 
deformation temperature applying previously developed technique; 
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x finding the most preferable crystallographic conditions for twinning 
nucleation and growth by performing interrupted tensile tests monitoring 
the mechanical twins activities, in grains with given orientations. 
x investigating the effect of the grain boundary character on the mechanical 
twinning nucleation. 
x modelling the stress-strain behaviour of TWIP steel using the measured 
twinning parameters; 
 
  
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Chapter 3 
3 Experimental procedure 
3.1 Introduction 
  The current chapter will develop a detailed view on the techniques and 
methods used in the current study. Section 3.2 describes the experimental material, 
Section 3.3 illustrates the prior tensile test sample preparation and mechanical 
testing method used to evaluate the mechanical properties at different testing 
conditions. Section 3.4 describes the microstructural characterisation methods such 
as scanning electron microscopy (SEM), transmission electron microscopy (TEM), 
Atom Probe Tomography (APT). This section also includes the description of 
different SEM detectors such as back-scattered electron (BSE) detector, angular 
selective backscattered (AsB) detector and electron backscattered diffraction 
(EBSD) used to analyse the microstructural features. Section 3.5 describes the 
quantitative techniques to study the mechanism of deformation. Section 3.6 
describes the in-situ tensile testing.  
3.2 Experimental material 
The TWIP steel composition used in this study was Fe-18Mn-0.6C-1Al 
(wt.%) (Table 3.1). The experimental material was provided by POSCO Steel, 
South Korea [171]. Slabs with a thickness of 250 mm were produced by continuous 
casting. After homogenization at 1473 K (1200oC) for 2 hours, the slabs were rough 
rolled to a thickness of 40 mm at 1273 K (1000oC), and then finish rolled to a 
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thickness of 1.5 mm at 1073 K (800oC). After homogenization at 1473 K (1200oC) 
for 2 hours [171], the slabs were rough rolled to a thickness of 40 mm at 1273 K 
(1000oC), and then finish rolled to a thickness of 1.25 mm at 1073 K (800oC) [171]. 
Final material was available in the form of sheets with a thickness of 1.25 mm. The 
initial material was a fully austenitic structure with an average grain size of ~2.5 ± 
0.2 ȝm (Fig. 3.1).  
 Table 3.1: Tested steel composition. 
Element C Mn Al Si V Cr Ni Ti Nb 
wt.% 0.58 18.17 0.96 0.24 0.1 0.36 0.11 0.02 0.02 
at.% 2.6 17.78 1.91 0.46 0.11 0.37 0.1 0.02 0.01 
Figure 3.1: An example of EBSD map of TWIP steel at as received condition. The
red and black lines represent annealing twin and grain boundaries, respectively. TD
and RD represent tensile and normal directions, respectively. 
20 ȝm 
TD
ND
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3.3 Tensile testing 
The tensile samples were wire cut perpendicular to the rolling direction of 
sheets as this orientation was found to be with the best mechanical properties [24]. 
The wire cut method was chosen to avoid any localised thermal or mechanical 
effect on the tested material. The samples were prepared based on E8/E8M – 09 
ASTM sub-size standard [172] with a gauge length of 30 mm, gauge width of 6 
mm and thickness of 1.25 mm (Fig. 3.2). The grip section of the tensile sample was 
modified to be wider i.e.25 than the standard grip area to avoid any sliding during 
the tensile experiment (Figs. 3.2 and 3.3c). 
The tensile tests were performed using a mechanical Instron 5567 testing 
machine with a 30 kN load cell (Fig. 3.3) at different deformation temperatures of 
ambient, 100, 200, 300 and 400°C. Two Helios black-body infrared ceramic heaters 
(model A-2) were used to heat the samples to the required temperatures (Fig. 3.3b). 
To examine the microstructural evolution, the interrupted tensile tests were 
performed at different deformation temperatures (ambient, 100 and 200°C). At 
ambient temperature and 100°C, the tensile tests were interrupted at 0.1 interval of 
ND 
TD 
RD 
Figure 3.2: Schematic representation of the sub-size tensile samples. RD, TD and 
ND represent rolling, tensile and normal directions, respectively. 
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true strain (i.e. 0.1, 0.2, 0.3, 0.4 and fracture, which is equal to ~0.5). The tensile 
tests at the temperature of 200oC were interrupted at a true strain of 0.1, 0.2, 0.25, 
0.3, 0.35 and fracture, which was ~0.4 of true strain. The tensile test was interrupted 
at different strain levels at 200oC due to the late (a strain level of ~0.24) occurrence 
of mechanical twinning and an early fracture (a strain level of ~0.4). Therefore, for 
proper description of the mechanical twinning evolution at this deformation 
temperature other strain levels were required. The temperature during the 
experiments was monitored using ‘K’ type thermocouple positioned in the centre 
of the tensile samples gauge. The specimen extension, the load and the strain rate 
were measured by an Instron video extensometer (Fig. 3.3a), using two dots in the 
middle of the gauge 30 mm apart. And using Instron Bluehill® software the stress 
and the strain data was acquired. Stress-strain data was smoothened every 5 data 
points and the work hardening rate was calculated using smoothened stress-strain 
data.   
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3.4 Microstructural characterisation 
3.4.1 Fractography 
The samples for fractography analysis were cut at 15-20 mm from the 
fractured surface (ND-TD plane Fig. 3.2) and secured in the way that the examined 
fractured surface would be parallel to the beam. The fractography investigation was 
performed using Zeiss Supra 55 VP scanning electron microscope (SEM) operating 
with back-scattered electron detector (BSE) with an operating conditions as 
follows: voltage of 20 kV, high current mode on, probe current of 2.8 nA, aperture 
of 60 ȝm and a working distance of 8-14 mm. 
3.4.2 Sample preparations for SEM examination 
After fracture, the samples were cut about 5 mm from the fracture edge with 
about 10 mm width using Struers Accutom unit. If the test was interrupted before 
Figure 3.3: Instron tensile testing machine, a) a set up for high temperature tensile
testing, b) and c) are the close up on the special grips. 
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fracture, the sample was cut in the middle with about 10 mm width using Struers 
Accutom unit. The cut segments were placed at a position to characterise the ND-
RD plane (Fig. 3.2) and mounted by an epoxy conductive resin (Struers Polyfast 
compound), using a Struers hot pressured mounting press. To avoid movement 
during mounting process, metal clips were used to secure the samples in place. The 
specimens were mounted at a force of 30 kN and temperature of 180oC for 7 
minutes, followed by water cooling for ~3 minutes.  
The samples were grinded at a constant speed of 150 rpm using grinding 
papers of 240, 600 and 1200 grits in conjunction with running water. The polishing 
was carried out using a Tegraforce polishing unit, using 9, 3 and 1 ȝm diamond 
suspension followed by a colloidal silica solution, at a force of 30 N. After each 
grinding and polishing stage, the surface of the samples was thoroughly washed 
with soap and water followed by an ethanol spray to remove loose particles.  
3.4.2.1 Scanning electron microscopy (SEM)  
The microstructure of the samples at different deformation conditions was 
investigated using a Zeiss Supra 55 VP scanning electron microscope (SEM); with 
an angle selective backscattered (AsB) detector. The AsB detector allows to 
observe crystal orientation contrast, as well as compositional contrast. Using this 
method it is possible to resolve the microstructural features such as grain 
boundaries, mechanical twins, and dislocation substructure. This technique requires 
a close adjustment of different parameters (i.e. voltage, working distance, 
brightness, contrast and aperture) to have a good imaging of the microstructural 
features. The conditions used to obtain the SEM AsB images were as follows: 
voltage of 20 kV, aperture of 60 ȝm and a working distance of ~4 mm. The 
microstructural examination at each deformation condition was performed on 26 
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SEM-AsB images containing more than 100 grains and covered a total area of 
about 290 ȝm2.  
3.4.2.2 SEM, electron backscatter diffraction (EBSD). 
EBSD is a modern system, which was developed to analyse crystallographic 
parameters including orientation and orientation relationship, grain size, local 
texture, point to point misorientation and phase discrimination [173]. In the current 
research the EBSD study was used to characterise the microstructure and to 
understand the grains orientation and the grain boundaries effect on the mechanical 
twinning. Typically, the automated EBSD system captures and interprets the 
distinguished Kikuchi bands of the backscattered electron diffraction patterns, 
which satisfy the Bragg’s law conditions. Each Kikuchi pattern represents 
distinguish crystallographic orientation. The interpretation algorithm is 
computerised, in which acquired patterns were correlated with the database.  
In the current study, EBSD analysis were performed using the Zeiss LEO 
1530 with HKL Nordlys S camera or SUPRA 55-VP SEM with HKL Nordlys F 
camera operated at 20 kV and the working distance ranging from 8 – 16 mm. The 
samples used for EBSD analysis were deformed using a tensile tester to the 
different strain levels: strain level of 2, 4, 10 and 20% at room temperature and 
fracture at the temperature range from ambient to 400oC. To carry out the analysis, 
the samples were mounted (ND-TD plane Fig. 3.2) and then tilted 70o with respect 
to the electron beam. The working distance varied between 8 and 12 mm and the 
step size for the scanning was 100-500 nm. Other acquisition conditions were: 4x4 
binning, time per frame of 48.78 msec and 20.5 Hz, static background of 64 frames 
and dynamic background with 1 frame averaging, 8 bands and Hough resolution of 
60. The post processing analysis of the EBSD maps were carried out using the HKL 
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– Chanel 5 software package. The grain orientation was defined using red-green-
blue (RGB) colouring on a simple inverse pole figure (IPF). Red, green and blue 
colours represented grains, which oriented parallel to <100>Ȗ, <110>Ȗ or <111>Ȗ 
directions, respectively. The grains oriented between those three main orientations 
would be coloured with mixture of red, green and blue. The grain boundaries were 
recognized as misorientation of more than 10o between the pixels. The 
misorientation of less than 10o was considered as sub grain. Another type of 
boundaries was special boundaries (SB), which were defined by user for example, 
the Ȉ3 twin boundaries defined as a 60Û rotation about <111> between two 
neighbouring crystallographic areas.  
3.4.3 Transmition Electron Microscopy 
Thin foils for transmission electron microscopy (TEM) were prepared from 
the tensile samples. The samples were sliced (2-3 slices from each sample) in the 
longitudinal (tensile) direction (RD-ND plane) using Electron Discharge 
Machining (EDM). The thickness of the slices was ~0.25-0.3 mm. The 3 mm 
diameter disks were spark-machined from the centre of cut slices using an EDM 
cutter, whilst avoiding any loading on the specimens to prevent any phase 
transformation or mechanical twinning. These disks were then grinded using wet 
SiC papers. The disks were electro polished in 5 wt.% perchloric acid in methanol 
using a twin-jet Tenupol unit, operating at 50V and the temperature of -25oC. 
Transmission Electron Microscopy (TEM) examination was carried out using a 
Philips CM20 transmission electron microscopy operating at 200 kV. The 
conventional electron microscopy was conducted with a condenser aperture of 100 
ȝm. 
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3.4.4 Atom probe tomography  
Atom probe tomography was used to study the solutes distribution at as-
received condition and after tensile tests at deformation temperature of 100oC. The 
samples for APT study were wire cut from the samples at as received condition and 
tested at the temperatures of 100oC. APT analyses were performed using the Oak 
Ridge National Laboratory local electrode atom probe. This instrument was 
operated at a pulse repetition rate of 200 kHz, a 20% pulse fraction, and a sample 
temperature of 60 K. The APT tips were machined parallel to the tensile direction 
with the size of 0.3 × 0.3 × 15 mm. The samples, after that were electro polished 
by a two-stage procedure [174, 175]: (i) using 10 wt.% perchloric acid in glacial 
electrolyte and voltage of 15-30V. At this stage rough polishing was performed to 
achieve conical shape specimen; and (ii) under optical microscope with 10-50 
magnification using 2 wt.% perchloric acid in 2-butoxyethanol and voltage of 15-
30V, during this stage a very fine polishing procedure was implemented to achieve 
a very sharp tip of the needle curvature of few tenth of nanometres.  
The data containing at least 1 million atoms each were analysed using IVAS 
reconstruction software.  
3.5 Quantitative analysis. 
The quantitative analysis of the mechanical twinning was performed to 
understand the contribution of the mechanical twinning to the deformation 
mechanism at different strain levels at different deformation temperatures. The 
population of the investigated grains was divided into two: the grains, which 
contained mechanical twinning (so called twinned grains) and the grains without 
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mechanical twinning (so called twin-free grains). All the mechanical twinning 
parameters such as the number fraction and the volume fraction of twinned grains; 
the volume fraction of twins and the MFP were calculated from 26 SEM-AsB 
images at the deformation conditions of room temperature, 100 and 200oC. The 
number fraction of twinned grains at different strain levels at room temperature was 
also calculated using 10 TEM micrographs at each deformation condition. To 
calculate the number fraction of twinned grains the sum of twinned grains was 
divided by the total amount of grains then multiplied by 100 to obtain the percent 
equivalent. The volume fraction of twinned grains and the volume fraction of twins 
were calculated using the point counting technique with a statistical significance of 
p<0.05 [176]. In this method 2D studies represented the 3D material. The 
dislocation mean free path (MFP) was measured in minimum 10 grains at each 
deformation condition and was defined as an average distance between two 
boundaries (i.e. grain and twin boundaries) using ImageJ software. MFP was 
measured in perpendicular direction to the mechanical twins as they are the main 
reason of the MFP refinement. In case of several twinning systems the calculations 
were repeated for each twinning system and averaged at to calculate the overall 
MFP.  
3.6 An interrupted tensile test in conjunction with SEM-AsB and SEM-
EBSD detectors 
An interrupted tensile test was performed using a sample with previously 
described geometry (Fig. 3.2). During this test the microstructural changes were 
studied as a function of strain. The tensile samples were grinded and polished and 
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the area of interest was found using SEM. In order to monitor the microstructural 
changes, the grid with the size of 120 x 80 ȝm was applied on the area of interest 
using FEI Quanta 3D FEG FIB-SEM (Fig. 3.4). The EBSD analysis was performed 
on the undeformed sample, and 66 grains were chosen inside the grid (22 grains 
with close to following orientations <111>, <110> and <100>) to be imaged using 
SEM AsB detector after every step of deformation. A tensile deformation was 
performed at a strain interval of 0.04 at a strain range of 0-0.2 (i.e. strain levels of 
0, 0.04, 0.08, 0.12, 0.16 and 0.2). After each step of deformation an EBSD map was 
acquired and the chosen grains were imaged.    
 
 
  
Figure 3.4: An SEM AsB image of the grid prior to deformation. The grid was
used to monitor the microstructural changes of the same grains after each step of 
deformation. TD and RD represent tensile and rolling directions, respectively. 
TD 
ND 
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Chapter 4 
4 The deformation mechanism in a high manganese TWIP steel 
at different deformation temperatures 
4.1 Introduction 
The following chapter describes the evolution of the deformation 
mechanisms on straining and their contribution to work-hardening of high-Mn 
TWIP steel at different deformation temperatures. TWIP steels possess exceptional 
mechanical properties at room temperature, which is attributed to the occurrence of 
mechanical twinning. Mechanical twinning contributes to the plastic strain through 
the formation of obstacles against the dislocation motion, which is referred as the 
dynamic Hall-Petch effect. The microstructure evolution during straining was 
examined using TEM, SEM-EBSD, in conjunction with a newly developed method 
using a point counting technique on multiple SEM-AsB imaging. Mechanical 
twinning parameters such as the dislocation mean free path, the volume fraction of 
twinned grains and the volume fraction of twins was studied as a function of strain 
at different deformation temperatures. The microstructural development was 
compared with the work-hardening behaviour of the steel to evaluate the 
contribution of each deformation mechanism at different strain conditions.   
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4.2 Experimental procedure 
4.2.1 Tensile tests 
The main set of tensile experiments was performed at a strain rate of            
10-3 s-1 at five different temperatures: ambient, 100, 200, 300 and 400oC. To 
examine the microstructural evolution during straining, interrupted tensile tests 
were performed at testing temperatures of ambient, 100 and 200°C. At ambient 
temperature and 100°C, the tensile tests were interrupted at 0.1 interval of true 
strain (i.e. 0.1, 0.2, 0.3, 0.4 and fracture, which is equal to ~0.5). At 200oC tensile 
testing, the test was interrupted at a true strain of 0.1, 0.2, 0.25, 0.3, 0.35 and 
fracture, which was ~0.4 of true strain.  
A complimentary set of experiments was performed at room temperature at 
the strain rates of 10-1 s-1 and 0.6×10-1 s-1 and, at a latter strain rate, the test was 
interrupted at a true strain of ~0.13, ~0.23, ~0.33 and fracture, which is equal to 
~0.42.  
The work-hardening rate was estimated at all tensile testing temperatures 
using an approach described in equation 4.1:  
ߠ ൌ  డఙడఌ             (4.1) 
where ߠ is the work-hardening rate. ߲ߪ and ߲ߝ are the differentials of the 
engineering stress and strain, respectively.  
4.2.2 Microstructural characterisation  
The fractography samples were analysed using SEM under 20 kV current, 
with an aperture of 60 ȝm and a working distance of 8-14 mm.  
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The AsB-SEM imaging technique was used to characterise the samples at 
each deformation condition. The samples were prepared prior to imaging as 
described in Chapter 3 section 3.4.2, in a way that the observation plane was TD-
ND (Fig. 3.2). The microscope conditions during imaging were: current of 20 kV, 
aperture of 60 ȝm and a working distance of ~4 ȝm. At each straining condition 26 
images were taken through the sample imaging a total area of ~2902 ȝm. The 
measurements of the mechanical twinning parameters were performed as follows: 
number fraction of mechanical twinning was estimated by dividing the amount of 
twinned grains by the total amount of grains. The volume fraction of twins was 
estimated on 26 SEM-AsB images using a point-counting method [176]. To achieve 
desirable statistical significance (equation 4.2) the mesh density was estimated 
based on the suggested volume fraction.  
ߙ ൌ  ξேே                (4.2) 
where Į is the statistical significance and N is the number of points of interest, in 
this case the line intersections in the mesh that falls on mechanical twins (Fig. 4.1).  
When the suggested volume fraction exceeded the calculated one, the 
desired statistical significance was not achieved and the calculations were repeated. 
In the following calculations, the desired statistical significance was chosen to be 
less than 0.05 ensuring that the results would be with at least 95% confidence. For 
instance, the predicted volume fraction was taken as 0.1 and the desired statistical 
significance less than 0.05 for the fracture condition at 100oC. To ensure the desired 
statistical significance (i.e. at least 400 points of interest), the mesh of 14×12 lines 
was chosen to provide 168 points per image (Fig. 4.1). In total, it had 4368 points, 
assuming that it would be more than 400 points of interest (4368*0.1=436). The 
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counted total number of the points of interest was 453. Consequently, the volume 
fraction of twins and the statistical significance were 0.1037 and 0.047, 
respectively. Which means that the volume fraction of twins was 0.1037 with 
95.3% confidence. Furthermore, the volume fraction of twinned grains was 
calculated using the same images and the same mesh, however, new points of 
interest (intersections of the mesh, which were inside twinned grains) were 
assigned. As the volume fraction of twinned grains is higher than the volume 
fraction of twins at each deformation condition the number of the points of interest 
is higher as well, ensuring that the desired statistical significance remains lower 
than 0.05.  
The samples preparation method for the SEM- EBSD examination was 
identical to the one that was used for the AsB-SEM analysis. To perform EBSD 
analysis the microscope conditions were a current of 20 kV, an aperture of 60 ȝm 
and a working distance of ~12 mm. The step size for the experiments was chosen 
based on the applied deformation on the sample: at as-received condition the step 
size was 0.5 ȝm and at higher deformation levels, it was 0.1 ȝm. The EBSD 
characterisation was performed on the samples at as-received, 0.02, 0.04, 0.1, 0.2 
and fracture conditions at room temperature and at fracture at 100, 200, 300 and 
400oC.  
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Figure 4.1: SEM image of the microstructure at fracture at100oC.
 
Thin foils for the transmission electron microscopy (TEM) were prepared 
from the deformed samples at room temperature at pre-strain of 0.04, 0.1, 0.2, 0.3, 
0.4 and fracture. The samples were sliced in the longitudinal (tensile) direction and 
then electro polished. Transmission Electron Microscopy (TEM) examination was 
carried out at 200 kV with a condenser aperture of 100 ȝm.  
 
4.2.3 Atom probe analysis 
Atom probe experiments were performed at 60K on the needles, which were 
taken from the as-received material and the samples deformed at 100oC. The 
tomographic reconstruction was performed using IVAS reconstruction software on 
a data set containing more than 5 million atoms. It is important to mention that the 
mass to charge data contained several elements, which had overlapping peaks 
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(Table 4.1). The software provided the element with the highest relative abundance 
(Table 4.1) at each peak position.  
Table 4.1: Overlapping isotopes used for the APT data analyses.  
Mass to charge state 
ratio (Da) 
Isotopes Assigned element with 
highest relative 
abundance 
25 V+2, Cr+2 Cr 
27 Cr+2, Fe+2, Al+ Fe 
29 Ni+2, Fe+2 Fe 
31 Nb+3, Ni+2 Nb 
  
4.3 Results 
4.3.1 Mechanical properties of the samples deformed at different 
temperatures 
The TWIP steel demonstrated unique mechanical properties at room 
temperature at a strain rate of 10-3 s-1: a yield strength of 500 ± 3 MPa, ultimate 
tensile strength (UTS) of 1030 ± 10 MPa, uniform and total elongations of 55 ± 1 
and 61 ± 1%, respectively (Figs. 4.2 and 4.3). The close values of uniform and total 
elongations indicate that the deformation is mostly uniform and ultimate tensile 
stress occurred at a strain level close to the fracture (Figs. 4.2 and 4.3).  
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Figure 4.2:  Representative engineering stress-strain curves at different tensile 
testing.  
The tensile testing temperature significantly affected the mechanical 
behaviour of the TWIP steel (Figs. 4.2 and 4.3). The yield strength and the UTS 
continuously decreased as the temperature increased from 500 ± 3 and 1030 ± 10 
MPa at room temperature to 270 ± 8 and 500 ± 12 MPa at 400°C (Fig. 4.3a). The 
total and uniform elongations showed a slight increase at 100°C, followed by a 
significant drop at higher tensile temperatures of 200, 300 and 400°C (Fig. 4.3a). 
Similar to the room temperature conditions, the uniform elongation was close to 
the total elongation at all elevated temperature testing conditions. The total and 
uniform elongation deteriorated from 61 ± 1 and 55 ± 1% at room temperature to 
35 ± 2 and 29 ± 1% at 400oC. This suggests that the deformation was mostly 
uniform at all tensile temperatures (Fig. 4.3a). A decrease in both elongation and 
strength with an increase in the tensile testing temperature resulted in a significant 
decline in the strength-ductility balance of the TWIP steel (represented by the 
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product of UTS and total elongation) from 62000 MPa.% at room temperature to 
18000 MPa.% at 400oC (Fig. 4.3b). 
 
Figure 4.3: a) Mechanical properties of TWIP steel (i.e. yield strength, ultimate 
tensile strength (UTS), total and uniform elongations) and b) the strength-ductility 
balance of TWIP steel represented by the product of UTS and total elongation 
(TEL), at different tensile testing temperatures. 
The stress-strain curves revealed serration for all tensile testing 
temperatures, although the extent of serration was significantly influenced by the 
temperature. The serration was the most prominent at 100oC and initiated at a strain 
level of about 0.2, showing continuously growing amplitude with the deformation 
(Fig. 4.2). For other deformation temperatures, the serration was seen only at a very 
late stage of the deformation (e.g. an engineering strain level of about 0.5 and above 
for the room temperature deformation, Figs. 4.2 and 4.4).  
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Figure 4.4: Representative engineering stress-strain curves at room temperature at 
different strain rates. 
The deformation strain rate markedly influenced the mechanical behaviour 
of TWIP steel (Fig. 4.4). The yield strength progressively raised with an increase 
in the deformation strain rate from 500 ± 3 MPa at a strain rate of 10-3 s-1 to ~560 
± 3 and ~580 ± 4 MPa at a strain rate of 0.6×10-1 s-1 and 10-1 s-1, respectively (Fig. 
4.4). However, the UTS, the total and the uniform elongation continuously 
decreased as the strain rate was enhanced (Fig. 4.4). The UTS deteriorated from 
1030 ± 10 MPa at a strain rate of 10-3 s-1 to 950 ± 9 and 940 ± 9 MPa at a strain rate 
of 0.6u10-1 s-1 and 10-1 s-1, respectively (Fig. 4.4). In addition, the reduction in total 
and uniform elongations was from 61 ± 1 and 55 ± 1% at a strain rate of 10-3 s-1 to 
50 ± 1 and 45 ± 1% at a strain rate of 10-1 s-1, respectively (Fig. 4.4). 
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4.3.2 Work-hardening behaviour during tensile testing at different 
temperatures 
The work-hardening behaviour curve (i.e. ࢊ࣌ ࢊࢿΤ  vs.ࢿ) was calculated 
from the true stress and true strain data (Fig. 4.5). At room temperature, the work-
hardening behaviour of TWIP steel can be divided into four stages: (I) a sharp 
decrease in the work-hardening until it reached a minimum value of ~2800 MPa at 
a true strain of about 0.025; (II) a gradual increase in the work-hardening with the 
deformation up to a true strain of about 0.05; (III) above which the work-hardening 
became plateaued up to a true strain of about 0.07. At this stage, the work-hardening 
remained almost constant (~ 2800 MPa); and (IV) there was a decrease in the work-
hardening with straining until the fracture occurred (Fig. 4.5a).  
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Figure 4.5: Work-hardening behaviour as a function of true strain at different 
tensile testing temperatures, a) at room temperature b) 100oC, c) 200oC, d) 300oC 
and e) 400oC. 
The tensile testing temperature had a vital effect on the work-hardening 
behaviour, influencing stages (II) and (III), (Table 2). The stages (II) and (III) 
gradually diminished (Figs. 4.5b and 4.5c) with an increase in the tensile testing 
temperature up to 200oC, beyond which they disappeared completely (Figs. 4.5d 
and 4.5e). Indeed, the work-hardening behaviour consisted of stages (I) and (IV) at 
tensile testing temperature of 300 and 400oC.  
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Table 4.2: Description of the stages of the work-hardening behaviour at different tensile deformation temperature. 
 
Tensile 
testing 
temperature 
The stages of the work-hardening behaviour 
I II III IV 
True strain 
Ranges of 
each stage at 
different 
temperature 
Room 0 – 0.025 0.025 – 0.05 0.05 – 0.07 0.07 onwards 
100oC 0 – 0.018 0.018 – 0.022 0.022 – 0.04 0.04 onwards 
200oC 0 – 0.021 0.021 – 0.023 0.023 – 0.027 0.027 onwards 
300oC 0 – 0.024 – – 0.024 onwards 
400oC 0 – 0.024 – – 0.024 onwards 
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4.3.3 Fractography  
The fractography was performed on the fracture surface after tensile testing 
to analyse the fracture characteristics at different deformation temperatures. The 
fracture surface inclination in respect to the deformation was similar for all tensile 
testing temperatures, showing a fracture surface inclination angle of ~49-50o 
(Fig. 4.6). This indicates that the fracture type at all temperatures is ductile. The 
fracture at room temperature contained mostly dimples with very broad sizes, 
ranging from ~50 nm to 20 μm. In addition, the micro-voids were occasionally seen 
at the fracture surface (Fig. 4.7). The size of the dimples progressively enhanced 
with an increase in the tensile testing temperature (Figs. 4.8 and 4.9), i.e. from an 
average size of 100 nm at room temperature to an average size of ~5 μm at 400oC 
(shown by arrows in Figs. 4.7b-c, 4.8b, 4.9a and 4.b).  It appeared that micro-voids 
Figure 4.6:Profiles of the fractured samples at different deformation temperatures: 
a) Room temperature, b) 100oC, c) 200oC, d) 300oC and e) 400oC.  
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formed as a result of the dimples coalescence, and this was significantly enhanced 
with the tensile testing temperature (based on the volume fraction). The alteration 
of the dimple characteristics indicates a reduction of the fracture speed [177].  
  
Figure 4.7: Fracture surface observed by SEM at room temperature a) low 
magnification, b) medium magnification and c) high magnification. The red 
arrows represent the dimples. 
Figure 4.8: Fracture surface observed by SEM at 200oC a) low magnification and 
b) medium magnification. The red arrows represent the dimples. 
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The type of fracture observed at all deformation temperatures, is often 
defined as slant fracture or rapid ductile fracture, which occurs in thin sheets 
undergoing high deformation (e.g. pipelines). The mechanism of rapid ductile 
fracture is mostly similar to ordinary ductile fracture, consisting of the micro-void 
coalescence on the plane normal to the deformation. The crack propagation speed 
in the rapid ductile fracture is between the ordinary ductile and brittle fracture 
modes. The latter can usually reach the ultrasonic speed, though the rapid ductile 
fracture can, for instance, exceed the speed of fluids passing through the 
pipeline [177]. 
 
4.3.4 Microstructural characterization using EBSD 
 
The as-received microstructure of the TWIP steel was fully austenitic 
structure with a grain size of about 2.5 ± 0.2 ȝm (Fig. 4.10a). The crystallographic 
texture of the as-received TWIP steel was mostly brass-type {110} Ȗ<112> Ȗ (Fig. 
4.11). The texture at the as-received condition showed {111} and {100} fibres, 
however their intensities were relatively weak having a maximum two times 
random intensity (Fig. 4.12a). After tensile deformation at room temperature, the 
Figure 4.9: Fracture surface observed by SEM at 400oC a) low magnification and 
b) medium magnification. The red arrows represent the dimples. 
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inverse pole figure corresponding to the tensile axis displayed a sharp increase in 
the intensity of the {111} and {100} fibres, reaching a maximum 9.5 times random 
intensity at fracture (Fig. 4.12). Increasing the deformation temperature did not 
show any difference in the manner and the intensity of the {111} and {100} fibres 
reached to a maximum of 7.5, 6.6, 7.8 and 5.3 times random intensity at fracture 
for 100, 200, 300 and 400oC, respectively (Figs. 4.12c-f).  
 
 
Figure 4.11: Orientation distribution function of the TWIP steel at the as-received
condition.      Brass {011}<211>;      cube {100}<001>;         Goss {011)<100>;
and       copper {112}<111>. 
Figure 4.10: EBSD map of TWIP steel at a) as received condition and b) after
deformation to fracture at room temperature. The red lines in a) and b) represent 
annealing and mechanical twins, respectively. The TD and ND represent tensile 
and normal directions, respectively. 
ĭ
ĭ1
TD 
ND 
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The misorientation angle distribution of the as-received sample showed a 
strong peak at a misorientation angle of 60º, with a misorientation axis of [111] 
(Fig. 4.13a). These boundaries are, indeed, characterized as Ȉ3 annealing twin 
boundaries (60º/[111]). The characteristics of annealing twin boundaries were 
significantly influenced by the tensile straining at room temperature (Fig. 4.13a). It 
was previously shown that, direct slip transfer through twin boundary can occur 
only if particular conditions are satisfied (i.e. specific slip planes, burger vector, 
temperature and resolved shear stress) [178-180]. This was explained as a reaction 
of an extrinsic dislocation and the intrinsic dislocation network of the Ȉ3 
twin/matrix interface. During this reaction an extrinsic dislocation dissociates into 
two by-product dislocations. [178, 180] One of these by-products transferred into 
adjustment grain and the other absorbs within the Ȉ3 twin/matrix interface. The 
absorption of the dislocation in the Ȉ3 twin/matrix interface prompts the grain 
boundary sliding and changing the misorientation across the Ȉ3 twin/matrix 
interface [179]. At an early stage of straining, a strain of 0.1, the angle/axis 
relationships of some twin boundaries started to deviate from the original Ȉ3 
characteristics (60º/[111]). The deviations were not distributed homogeneously 
along the facet of twin boundaries (Fig. 4.14). In fact, some twin boundaries mostly 
lost their interface coherency while the others revealed the least distortion (Fig. 
4.14). The extent of deviation from the original Ȉ3 characteristics (60º/[111]) 
generally increased with tensile strain [24]. The deformation gradually rotated the 
[111] misorientation axis towards [101] in the standard stereographic triangle (Fig 
4.11). Furthermore, the population of 60º boundaries in the misorientation angle 
distribution markedly reduced and the corresponding peak progressively deviated 
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from 60º towards lower misorientation angles with strain up to 0.1 (Fig. 4.13). It 
appeared that the intensity of 60º boundaries gradually enhanced above a strain of 
0.2, suggesting the formation of the new boundaries with 60º misorientation angle 
Fig. 4.13a). 
 
 
Figure 4.12: Inverse pole figures of the TWIP steel along the tensile axis at a) as
received condition and b-f) after deformation to fracture at room temperature, 100, 
200, 300 and 400oC, respectively. TD represents tensile direction.
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This could be due to the formation of mechanical twins in the microstructure 
during tensile deformation, which have similar crystallographic characteristics 
(60o/[111]) as annealing twins. The intensity of 60º boundaries continuously raised 
and reached a maximum at a strain level of 0.5 (i.e. fracture), which was 
comparable with as-received condition (Fig. 4.13a). Furthermore, the frequency of 
the boundaries with 60º diminished from ~0.46 at room temperature to ~0.12 at 
300oC (Fig. 4.13b). However, an increase in the deformation temperature from 
300oC to 400oC reflected only a minor reduction in the frequency of the twin 
boundaries from ~0.12 to ~0.11 (Fig. 4.13b).  
Although some of the mechanical twinning can be detected in the band 
contrast imaging in EBSD (Fig. 4.10b), it cannot be used for quantitative estimation 
of twinning characteristics (i.e. volume fraction). Therefore, the misorientation 
angle distribution as a function of strain (Fig. 4.13) would be a qualitative 
representation of microstructural changes, rather than quantitative values.  
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Figure 4.13: a) Misorientation angle distribution of high angle boundaries for a) at 
room temperature at different tensile conditions and b) at different deformation 
temperatures after fracture. 
 
Figure 4.14: Distortion of Ȉ3 boundaries at the deformed grain at a strain of 0.2: 
a) EBSD map and b) standard stereographic triangle for two different Ȉ3 
boundaries. TD and ND represent tensile and normal directions, respectively. 
4.3.5 TEM Characterization of the microstructure development during 
straining 
In contrast to EBSD, TEM can reveal the nanometrical twins and 
dislocation substructure development at each stage of deformation. The TEM of the 
as-received condition showed only the presence of annealing twins (Fig. 4.15). An 
increase in strain to 0.04 led to the formation of dislocations, stacking faults and 
twins (Figs. 4.16 and 4.17). However, the stacking faults formation was the 
predominant deformation mechanism. The diffraction pattern analysis confirmed 
TD 
ND 
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the formation of stacking faults (Fig. 4.16). The stacking faults were mostly formed 
at the grain boundaries and propagated into the grain interior. The distance between 
the stacking faults was in the range of 3 to 13 nm, with an average of ~7 nm ± 0.5. 
Figure 4.15: Bright field image of TWIP steel at as received condition, the arrows
showing annealing twins. 
1Pm 
Figure 4.16: Bright field images of 0.04 strained TWIP steel that show stacking
faults emitted from the grain boundary. Red line and arrows represent the grain
boundary and the stacking faults, respectively. 
0.2Pm 
111
002 
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Some grains demonstrated the presence of the stacking faults and dislocations and 
their interaction (Fig. 4.16). The diffraction pattern analysis also revealed the 
formation of twins in some austenite grains (Fig. 4.17). The distance between the 
mechanical twins was found to be in the range of 20-50 nm. The high dislocation 
density was often observed in the vicinity of the mechanical twins (Fig. 4.17). It is 
interesting to note that some of the twins demonstrated the internal dislocation 
substructure (Fig. 4.18). It was believed that these are either dislocation slip lines 
or secondary twins.  
The formation of stacking faults was still the predominant deformation 
mechanism after strain level of 0.1, whereas a strain of 0.2 changed the mechanism 
of deformation to the twins’ formation. More than 17% of grains showed twinning. 
Formation of two types of twin were observed: (i) coarse with an average thickness 
of 0.2 ȝm and an average distance 0.14 ȝm and (ii) fine with thickness from 5 nm 
to 30 nm and an average distance of 0.16 ȝm. 
With an increase in the strain to 0.3, 0.4, and ~0.5 (fracture), the number of 
grains with twins increased. Moreover, after strain of 0.3 the two generation of 
deformation twins with different orientations within one grain were observed 
(Fig. 4.19). The coarse and fine twins were formed after 0.3, 0.4 and 0.5 of strain. 
The thickness of the thin twins varied from 17 to 30 nm, with a distance between 
them of 0.09 to 0.14 ± 0.03 ȝm, while the average thickness of thick twins was 0.18 
± 0.03 ȝm with a distance between them of from 0.13 to 0.28 ȝm.  
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Although TEM is a very powerful technique to reveal the mechanical 
twinning and dislocation development, it was not possible to characterise the extent 
Figure 4.17: Images of 0.04 strained TWIP steel that show several parallel lines in
the interior of the deformation twins a) bright field and b) dark field. The arrows 
indicate the twins with internal structure (parallel features).  
Figure 4.18: Bright field image of 0.04 strained TWIP steel that show deformation
twins and diffraction taken from the twins. 
0.5 ȝm 
[110] Ȗ 
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of twinning as a function of strain statistically, as the TEM examination was limited 
to a small area due to the time restriction. 
Therefore, an SEM equipped with AsB detector was employed to 
statistically examine the microstructure of TWIP steel at different deformation 
conditions. 
 
4.3.6 Characterization of the microstructure development at different 
deformation conditions using SEM-AsB technique 
At room temperature, the mechanical twins were observed at a true strain 
level of 0.1, mostly nucleating at the grain boundaries and propagating across the 
grain interior (Fig. 4.20a). However, the mechanical twins were not observed in all 
grains (Fig. 20a). Similar to the TEM observation, the mechanical twins were very 
fine having a thickness of 20 – 50 nm. The twinned grains mostly contained one 
mechanical twinning system at the strain level of 0.1. Furthermore, some 
dislocation activity was observed in both twinned and twin-free grains. The volume 
fraction of twins and twinned grains were progressively enhanced with an increase 
Figure 4.19: Dark field TEM image of the microstructure after strain of 0.3.
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in the strain. In addition, some grains were observed to have two system twins 
beyond a strain of 0.2. In other words, the grains can be classified into three 
populations depending on twin characteristics during straining: i) grains without 
mechanical twin, ii) grains containing mechanical twin with one twinning system 
and iii) grains containing mechanical twin having two twinning systems. In all three 
grain categories, an enhanced dislocation density was present (Figs. 4.20-4.23).  
Figure 4.20: SEM images of the microstructure at different true strain levels of a) 
0.1, b) 0.2, c) 0.3, d) 0.4 and e) fracture (~0.5) at room temperature. 
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The deformation temperature revealed significant changes in the 
microstructure development. The extent of mechanical twinning was remarkably 
reduced with an increase in the deformation temperature (Figs. 4.21 and 4.22), so 
that no mechanical twinning was observed at a deformation temperature of 300oC 
and above even at fracture (Fig. 4.23). At this temperature regime, the grains only 
contains dislocation substructure (i.e. twin-free grains, Fig. 4.23). Furthermore, the  
Figure 4.21: SEM images of the microstructure at different true strain levels of a) 
0.1, b) 0.2, c) 0.3, d) 0.4 and e) fracture (~0.5) at 100°C. 
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initiation of the mechanical twin formation was postponed from 0.04 at room 
temperature to a true strain of 0.2 and 0.25 at 100 and 200°C, respectively (Figs. 
4.21b and 4.22b).  
 
Figure 4.22: SEM images of the microstructure at different true strain levels of a) 
0.2, b) 0.25, c) 0.3, d) 0.35 and e) fracture (~0.4) at 200°C. 
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4.3.7 Quantitative characterization of mechanical twinning at different 
deformation conditions 
The microstructural changes occurring during deformation were studied by 
the calculation of the number fraction of twinned grains, volume fraction of 
twinned grains, volume fraction of mechanical twins and the mean free path (MFP). 
These parameters were quantitatively characterised at different true strain levels 
and tensile testing temperatures. As discussed in Chapter 3, the number fraction of 
twinned grains was calculated through dividing the number of twinned grains by 
the entire number of grains. The volume fraction of twinned grains referred to the 
area of twinned grains divided by the total area. The volume fraction of twins was 
estimated using point-counting method and the MFP was defined as an average 
distance between two boundaries (i.e. grain and twin boundaries).  
Figure 4.23:  SEM images of the microstructure at fracture at the temperature of
a) 300°C and b) 400°C. 
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The number fraction of twinned grains in the samples deformed at room 
temperature was measured using both SEM and TEM to compare both methods 
(Fig. 4.24). At a true strain of 0.1, the number fraction of twinned grains measured 
using SEM-AsB was 34 ± 5% (Fig. 4.24). Further deformation significantly altered 
the number fraction of twinned grains. It was enhanced dramatically from 45 ± 6 
and 17 ± 1% at true strain of 0.2 to 80 ± 7 and 75 ± 5% at fracture (true strain of 
~0.5) measured using SEM-AsB and TEM, respectively (Fig. 4.24). There was a 
significant difference between AsB and TEM measurements, the latter showing 
lower values, at small strain levels. The gap was gradually reduced at higher strains, 
showing negligible difference at fracture. This is not surprising as a small number 
of grains can be examined by TEM due to the time and it does not represent the 
microstructure evolution statistically. Therefore, the SEM-AsB approach was 
employed here to measure the microstructure evolution at different deformation 
conditions. 
As mentioned before, two different twinning systems were observed 
operating simultaneously in the microstructure, mostly at the high strain levels. 
Therefore, the fraction, the volume fraction of twinned grains and the volume 
fraction of twins were examined based on the twinning system types during 
straining.  
89 

0.0 0.1 0.2 0.3 0.4 0.5
0
20
40
60
80
100
True strain
 TEM
 SEM AsB
N
um
be
r 
fr
ac
tio
n 
of
 T
w
in
ne
d 
gr
ai
ns
 (%
)
 
Figure 4.24: A comparison between the calculations of the fraction of twinned 
grains using SEM and TEM images. 
At room temperature, the second twinning system was observed in some 
grains at a strain level of 0.2 and above (Fig. 4.25). The extent of twinning 
progressively increased with strain. The volume fraction of both, one and two 
system twins was continuously increased with straining (Fig. 4.26). Moreover, the 
number fraction of grains containing one system twin enhanced from 34 ± 5% at a 
true strain level of 0.1 to 51 ± 1% at a true strain level of 0.4 and remained nearly 
unchanged at fracture (Fig. 4.25). Similarly, the number fraction of twinned grains 
with two systems twinning continuously increased from 6 ± 1% at a true strain level 
of 0.2 to 26 ± 2% at fracture (Fig. 4.25). The same incremental trend in the volume 
fraction of twinned grains was observed for both one system and two systems twins 
as a function of strain. The progressive formation of the mechanical twins during 
straining at room temperature resulted in a gradual decrease in the MFP, changing 
from ~2500 ± 200 nm (i.e. initial grain size) to ~1869 ± 347 nm at a strain of 0.1 
(Fig. 4.27b). Further increase in the strain level progressively decreased the MFP 
to ~472 ± 22 nm at a true strain of ~0.5 (fracture) (Fig. 4.27b). 
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Figure 4.26: Volume fraction of one system and two system mechanical twins at 
room temperature at different strain levels. 
Tensile deformation at elevated temperatures significantly affected the 
mechanical twinning characteristics, showing no mechanical twinning at 300oC and 
above. The critical strain for the mechanical twinning initiation enhanced with 
increasing the deformation temperature, changing from a strain of ~0.04 at room 
temperature to ~ 0.14 and ~0.25 at 100 and 200oC, respectively. There was no 
change in the thickness of the mechanical twins between the deformation 
Figure 4.25: The fraction a) and the volume fraction b) of grains containing one 
system and two system mechanical twins at room temperature at different strain
levels. 
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conditions. Mechanical twin thickness remains almost constant throughout the 
deformation regardless of the deformation conditions (Figs. 4.19 a-e, 4.20b-e and 
4.21b-e). In general, the volume fraction of twins significantly decreased with an 
increase in the tensile deformation temperatures at a given strain. For example, at 
a strain level of 0.4 the volume fraction of mechanical twins reduced from 11.2 ± 
0.7% at room temperature to 5 ± 0.7 and 2.9 ± 0.4% at 100 and 200°C, respectively 
(Fig. 4.27a). A similar trend was observed for the volume fraction of twinned grains 
where, at a strain level of 0.4, it was reduced from 72 ± 5% at room temperature to 
56 ± 6% and 44 ± 7% at 100 and 200°C, respectively (Fig. 4.28). In contrast, the 
MFP at a strain level of 0.4 was enhanced from 889 ± 146 nm at room temperature 
to 1329 ± 299 nm and 1593 ± 34 nm at 100 and 200°C, correspondingly (Fig.4. 
27b).  
  
Figure 4.27: Volume fraction of mechanical twins a) and the dislocation mean free
path b) of twinned grains as a function of true strain at different tensile testing
temperatures. 
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Figure 4.28: Fraction a) and the volume fraction b) of twinned grains as a function 
of true strain at different tensile testing temperatures.  
4.4 Discussion 
The current austenitic steel reveals exceptional mechanical properties at 
room temperature, although the tensile temperature rise progressively deteriorates 
the tensile behaviour (Figs. 4.1 and 4.2). The mechanical properties are directly 
related to the work-hardening behaviour of the material during straining (Fig. 4.4a). 
The work-hardening behaviour of the austenitic steel is highly dependent on the 
deformation mechanisms, which are hence associated with the stacking fault energy 
(SFE). Three different deformation mechanisms are identified in austenitic 
materials as a function of SFE: (i) slip mechanism, which is always expected to 
take place during deformation, although it would be a dominant mechanism at a 
SFE greater than 60 mJ/m2; (ii) the austenite is not stable in austenitic steels with a 
SFE lower than 20 mJ/m2 and would transform to martensite on straining; (iii) the 
deformation of austenitic steels with a SFE between 20-60 mJ/m2 leads to the 
formation of twinning. The last two deformation mechanisms continuously result 
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in the formation of new obstacles against dislocations during deformation, which 
enhances the work-hardening rate. As a result, necking is delayed, which improves 
the plasticity of the material. Therefore, the mechanisms of (ii) and (iii) are known 
as TRansformation Induced Plasticity (TRIP) and TWinning Induced Plasticity 
(TWIP), respectively (Fig. 4.29). At room temperature, the SFE of current 
austenitic steel was measured in a range of 14 – 29 mJ/m2 using different 
thermodynamic approaches [7, 10, 74, 99] (Fig. 4.29), which is in a good agreement 
with the SFE results measured by TEM [117] and XRD [116] for an austenitic steel 
with a similar composition. The measured SFE suggests that the current steel 
composition belongs to a TWIP austenitic steel class, which is consistent with the 
observation of fine mechanical twinning on straining at room temperature. In 
addition, the martensitic transformation does not occur in the current steel as shown 
by EBSD technique and XRD analysis performed on a similar steel composition by 
others [181].  
Figure 4.29: Calculated stacking fault energy of the TWIP steel as a function of
temperature using different thermodynamic approaches. 
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The work-hardening behaviour at room temperature consisted of four well-
pronounced stages, which can be closely associated with the microstructural 
changes during deformation (Fig. 4.4a). The first stage reveals a typical intense 
reduction in the work-hardening rate, as observed in most materials regardless of 
their SFE. This can mostly be related to the elastic and transformation from elastic 
to plastic deformation [182]. There is a minima at the end of stage (I) (i.e. ~0.025 
strain) followed by an increase in the work-hardening rate up to a strain of ~0.05 
(i.e. stage (II), Fig. 4.4a). This dramatic change in the work-hardening behaviour 
can be associated with different microstructural features such as grain boundaries, 
stacking fault formation, mechanical twinning and/or dynamic strain aging (DSA). 
The latter can be rolled out here as the DSA takes place beyond a strain of 0.5 at 
room temperature, which will be discussed in more detail further on. The current 
steel has a small grain size of ~2.5 ȝm, having a relatively high grain boundary 
area, which significantly enhances the chance of interactions between the 
dislocations and the grain boundaries [183]. These interactions can partly 
contribute to the augmentation of the work-hardening rate [183]. Another reason 
for an increase in the work-hardening rate at an early stage of deformation can be 
attributed to the formation of the stacking faults [184]. At room temperature, 
stacking faults are frequently observed in the vicinity of grain boundaries at a strain 
of ~0.04 (Fig. 4.15). These are formed as a result of the dissociation of the perfect 
dislocations into Shockley partials in materials with low SFE [184]. The stacking 
faults can be widely extended and act as a source of dislocations production and 
their interaction with glide dislocations is known to increase the work-hardening 
rate [184]. An alternative reason for the work-hardening rate rise can be linked to 
the initiation of formation of mechanical twins, which continuously limits the 
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extent of the dislocation glide by blocking their movements. Indeed, the mechanical 
twins cross the grains, continuously reducing the dislocation mean free path during 
straining and introducing the dynamic Hall-Petch effect. In the current study, the 
mechanical twinning is observed at a strain level of ~0.04, which is just below 
maximum strain associated with the end of the stage (II) of work-hardening (i.e. 
0.05, Fig. 4.4a). In addition, the volume fraction of mechanical twinning is very 
small (i.e. ~0.02%, Fig. 4.26a) at this strain range. This suggests that the mechanical 
twinning is less likely to contribute in the stage (II) of the work-hardening 
behaviour at room temperature. This can be supported by the observations of work-
hardening behaviour at elevated temperatures (i.e. 100 and 200oC, Figs. 4a and 4b), 
where the stage (II) of the work-hardening behaviour progressively became 
narrower and the strain for the initiation of mechanical twinning is delayed. In other 
words, the formation of mechanical twins takes place at strains beyond the strain 
range corresponds to the stage (II) of work-hardening behaviour at both 100 and 
200oC (Figs. 4.4a and 4.4b). 
Interestingly, the stage (II) of the work-hardening behaviour progressively 
becomes narrower with the temperature (Fig. 4.5). This suggests that the elevated 
tensile testing temperature significantly influences the interactions of glide 
dislocations with stacking faults and grain boundaries. The stacking fault energy 
increases with temperature (Fig. 4.29), enhancing the separation distance of 
dissociated partial dislocations, which consequently reduces the interactions of 
glide dislocations with stacking faults. Similarly, the pinning of dislocations against 
grain boundaries progressively became less effective with temperature. This 
becomes more obvious at a temperature of 300oC and above, where stage (II) of 
work-hardening behaviour almost disappeared (Fig. 4.5d and e). At this 
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temperature regime, the stacking fault energy is estimated beyond 60mJ/m2, 
suggesting that the slip is a predominant deformation mechanism (i.e. no 
mechanical twin formation) as supported by the current result. 
Stage (III) of the work-hardening behaviour is referred to the plateau region 
observed at a strain range of 0.05-0.07 at room temperature (Fig, 4.5a). This can be 
referred to the stacking faults and/or the formation of mechanical twins. 
Interestingly, the volume fraction of mechanical twinning is less than 0.6% at this 
strain range (Fig 4.27a). This suggests that the interactions of glide dislocations 
with stacking faults have greater contributions to the stage (III) of the work-
hardening behaviour compared with the mechanical twinning. The temperature rise 
significantly reduces the strain range of stage (III), where it is almost non-existent 
at a temperature above 200oC (Fig. 4.5d and 4.5e). As discussed above, the 
temperature rise enhances the SFE resulting in less effectiveness of the dislocation 
and stacking faults interaction and postponing of the formation of mechanical 
twins.  
Beyond a strain of 0.07, the work-hardening rate at room temperature 
gradually decreased (i.e. stage (IV), Fig. 4.5a), though the rate of deterioration is 
much slower than what was observed in stage (I). Interestingly, the current result 
reveals a progressive augmentation in the mechanical twinning volume fraction 
beyond a strain of 0.04 at room temperature (fig. 4.28a). The mechanical twinning 
is expected to enhance the work-hardening rate through dynamic Hall-Petch effect. 
This suggests that the dislocation annihilation (i.e. recovery) rate is greater than the 
dislocation multiplication (i.e. hardening) rate induced by the mechanical twinning. 
At high strain levels (i.e. beyond 0.35 at room temperature), the work-hardening 
behaviour revealed a significant oscillation as their amplitude augmented with 
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strain. This behaviour can be referred to as the dynamic strain aging (DSA) [164, 
165], which is commonly observed in high-Mn austenitic steels and is more evident 
in alloys with a C concentration of more than 0.5 wt.% [165]. The DSA effect is a 
result of the interaction of C atoms of the C-Mn bundle with the stacking faults 
during straining [164], although its contribution to work-hardening is relatively low 
at room temperature as reported by others ( ~20MPa) [185, 186]. It is worth 
mentioning that at room temperature the initiation of DSA takes place at a relatively 
late stage of straining. This is due to the presence of Al in composition, which 
significantly delays the DSA initiation [181]. 
Interestingly, the DSA is significantly enhanced at a tensile temperature of 
100oC and hardly apparent at a temperature of 200oC and above (Fig. 4.1). The 
DSA is significantly affected by steel composition and takes place at a given 
deformation temperature range [187]. This suggests that Al shifts the DSA 
temperature in a range of room temperature to 100oC.  
In addition, the tensile tested samples were examined using atom probe 
tomography to reveal DSA activity at 100oC. The C, Ni and V distribution at as-
received condition (Fig. 4.30) was found to be homogeneous, however, at 100oC 
after deformation some particles could be observed (Fig. 4.31). The chemical 
composition of the particles is close to the stoichiometric composition of V carbides 
(Fig. 4.32) and locally reducing the concentration of Fe and Mn (Fig. 4.33). This 
correlates well with previous reports [187] that V is a carbide-forming element and 
promotes the DSA effect. Therefore, it can be suggested that the higher elongation 
value after the tensile test at the deformation temperature of 100oC could be due to 
the additional effect caused by the interaction between the dislocations and small 
particles or carbon clusters formed during deformation at this elevated temperature.  
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The serration of the stress-strain curve can also be due to the pinning and unpinning 
of the dislocation from the particles or carbon clusters. 
  
Figure 4.31: C, Ni, V and C,Ni,V atom maps after tensile deformation to fracture 
at 100oC; a), b), c), d), e) and f) are schematically showing particles. 
Figure 4.30: C, Ni, V and C,Ni,V Atom probe maps at as received condition. 
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Figure 4.32: A representative Proxigram across the particle e) from Fig. 4.31. 
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4.5 Summary 
The TWIP steel 0.6C-18Mn-1.5Al (wt%) employed in this study exhibited 
a strength level of about 1 GPa, combined with a large uniform elongation of over 
65% at moderate strain rates. This excellent combination of mechanical properties 
was shown to be a result of complex dynamic strain induced microstructural 
reactions consisting of dynamic recovery, dislocation dissociation, stacking fault 
formation, mechanical twinning and dynamic strain aging. The contribution of the 
dislocation interaction with each microstructural feature was discussed in respect 
Figure 4.33: a) selected box of the particle e from Fig. 31 and b) a compositional
profile across the particle along x axis.  
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to the work hardening behaviour and represented schematically in Fig. 4.34. The 
current result revealed that the interactions of the gliding dislocations with the 
stacking fault interfaces was the main contributor in the strain hardening 
augmentation. However, the mechanical twinning phenomenon was quantified and 
found to be an important microstructural feature that hinders the recovery at the 
latter phase of the deformation. The dynamic strain aging was observed at a given 
deformation temperature range (i.e. room temperature and 100°C). It appeared that 
it may partly contribute to the enhanced elongation at 100°C.  
 
 
 
 
 
Figure 4.34: Schematic representation of the work-hardening behaviour of the low 
SFE high Mn TWIP steel under tensile straining. Dash curve represent the work-
hardening behaviour of the fcc materials with medium to high SFE. 
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Chapter 5  
5 The effect of the grain orientation and the grain boundary 
characteristics on the formation of mechanical twins. 
5.1 Introduction 
The effect of the grain orientation on the formation of mechanical twins in 
the TWIP steels has not received the equivalent attention as the effect of grain size, 
applied strain, strain rate, tensile temperature, steel composition and the SFE. The 
grain orientation can highly affect the deformation mechanism and alter it from 
predominantly by slip to the mechanical twinning [63, 65, 66, 188] resulting in a 
change in the work hardening behaviour. Moreover, the studies of the specific grain 
orientations, which undergo mechanical twinning in the low-SFE steels showed 
that the grains oriented close to [111]Ȗ are the most prompt to twinning during 
straining [4, 17, 24, 28, 48, 63, 65, 66, 162, 188, 189]. However, the mechanical 
twin formation does not take place simultaneously in all grains even in those with 
the same orientation conditions [4, 17, 24, 28, 48, 63, 65, 66, 162, 188, 189] and 
the reason for that is unclear. Therefore, other parameters may affect the formation 
of mechanical twins in polycrystalline material such as the grain boundaries. 
Mechanical twin nucleation takes place mostly on the grain boundaries and 
governed by the dislocation arrangements. It requires the operation of multiple slip 
systems [17] and pile-up of the dislocations [40, 43, 190], which take place to 
maintain the strain. The grain boundaries are highly anisotropic and depend on the 
misorientation in the atomic arrangement between the adjacent grains and the grain 
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boundary plane character. These both contribute to the grain boundary energy. 
Recent study of the grain boundaries in low-SFE TWIP steel [191] showed that 
annealing twins are the grain boundaries with the lowest energy. However, there is 
no evidence of which grain boundaries are the most suitable for mechanical 
twinning nucleation during straining i.e grain or annealing twin boundary. Another 
parameter, which may influence the formation of mechanical twins and has not 
previously discussed is the alignment of the grain boundary plane normal in relation 
to the tensile deformation. 
The current study will investigate the susceptibility of the formation of 
mechanical twins to the grain orientation and boundary characteristics using data 
from in-situ tensile test. The grains of particular orientations and boundary 
characteristics have been chosen for SEM-EBSD and SEM-AsB analysis. The 
study will give a new insight on fundamentals of the formation of mechanical 
twins in the TWIP steels. 
5.2 Experimental Procedure 
To investigate the dependence of the mechanical twinning development on 
the grain orientations, an in-situ interrupted tensile test was performed using the 
sample geometry described in Chapter 3, Fig. 3.2. The sample was prepared at the 
TD-ND plane prior to SEM-AsB imaging and SEM-EBSD (Fig. 3.2). The area of 
interest was initially ion-milled in the middle of the sample surface with a size of 
120 ȝm × 80 ȝm using a FEGSEM Quanta 3D FEI scanning microscope (Fig. 3.4). 
The ion-milling was performed at 30 kV and 5nA Ga+. These parameters were 
carefully chosen to avoid any phase transition and/or mechanical twinning due to 
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the ion-milling. The interrupted tensile testing was carried out at a strain rate of            
10-3 s-1 using a strain increment of 0.04. In other words, the total strains of 0, 0.04, 
0.08, 0.12, 0.16 and 0.2 were used through 5 interrupted tensile tests. After each 
tensile test, the sample was moved into the SEM for AsB and EBSD analysis on 
the area of interest (i.e. ion-milled grid). The sample was aligned in regards with 
the ion-milled grid. In order to improve the sample conductivity and reduce the 
beam shift during the SEM-EBSD study, the carbon coating was carried out on the 
samples with the strain level of higher than 0.08 using Bal-Tec SCD 050 Sputter 
coater.  
In this study, 66 grains with orientations close to <111>, <110> and <100> 
with a ±20º deviation were chosen (i.e. 22 grains for each orientation, Fig. 5.1) 
within the milled area in the as-received condition. The grains were selected based 
on their Taylor factor (i.e. Taylor factors equal or higher than 3.4 for <111> and 
<110> grains and Taylor factors lower than 2.4 for <100> grains). The twinning 
propensity as a function of the grain orientation was monitored for the 66 selected 
grains at different strain levels using a Zeiss-Supra 55VP FEG scanning electron 
microscope equipped with the EBSD and AsB detectors. The AsB imaging 
condition was 20 kV voltage, an aperture of 60 ȝm and a working distance of ~4 
mm. To perform the EBSD analysis, the microscope was used in a similar condition 
to the AsB imaging and only the working distance was increased to ~12 mm 
enabling us to safely tilt the sample to 70o for the EBSD measurement. The EBSD 
step size was 0.5 ȝm for the as-received condition and 0.2 strain; 0.1 ȝm for strains 
of 0.04 and 0.08; and 0.2 ȝm for strains of 0.12 and 0.16.  
To examine the role of the grain boundary plane characteristic on the 
mechanical twinning nucleation, the grain boundaries associated with all 66 
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selected grains were analysed (366 boundaries in total). First, the boundaries, on 
which mechanical twins were nucleated, were identified at strain levels of 0.04 and 
0.08 using SEM-AsB imaging. Then, the misorientation angle/axis of these 
boundaries were measured using those boundaries at as-received condition to avoid 
any changes in their characteristics due to the straining. In addition, the 
misorientation angle/axis of twin–free boundaries were measured using similar 
approach.  Then, the grain boundary plane for a given misorientation was identified 
using detailed trace analyses.  
Afterwards, the examination focused on 58 specific type of boundaries (Ȉ3 
annealing twin boundaries) and the relationship between the alignment of the 
tensile direction in respect to the grain boundaries plane normal and the mechanical 
twinning nucleation was investigated at the as-received condition. The occurrence 
of the mechanical twinning was monitored using aforementioned SEM-AsB images 
of the 66 grains. The angle between the grain boundary plane normal and the tensile 
direction was measured using detailed trace analysis and the Wulff net (Fig. 5.2). 
The deformation direction was positioned at the north pole of the stereographic 
projection (TD in Fig. 5.2) therefore, the angle between the coincided planes of the 
two adjusted grains (i.e. the plane, on which the grain boundary was terminated, 
red and blue triangles in Fig. 5.2) and the tensile direction can be measured by 
aligning them with one of the longitude lines and the north pole (i.e. the tensile 
deformation direction). This way each latitude line represents inclination angle of 
10o (Fig. 5.2). 
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Figure 5.1: a) The representative SEM EBSD image of the initial microstructure containing 66 selected grains with different orientations and b) 
the correspondent inverse pole figure of the examined grains. TD and RD represent tensile and normal directions, respectively.
TD 
RD
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5.3  Results  
5.3.1 The effect of Grain orientation on the mechanical twinning 
As mentioned above, the interrupted tensile test data was used to analyse 
the selected grains. Each interrupted flow curve showed a yielding point, which 
was comparable with the stress level at the end of the previous flow curve. This 
suggests that there were negligible microstructural changes taking place within the 
inter-pass time between two successive tensile straining. In addition, the interrupted 
Figure 5.2: The representative Wulff net used to calculate the inclination angle 
between the plane normal of the annealing twin boundary and the tensile 
deformation direction. TD represents tensile direction and blue and red triangles 
represent the position of the [111] plains in the two adjacent grains. 
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tensile flow curves (Fig. 5.3) were well matched with the continuous tensile testing 
stress-strain curve. These observations indicate that the experiments were well 
executed and the specimen deformed to a given strain can properly reflect the 
microstructural evolution on straining.  The grains inside the grid at the as-received 
condition contained relatively weak texture having a maximum intensity at the 
[111] position with a strength of 2.17 multiples of a random distribution (MRD) 
(Fig. 5.4a). The minimum was centred at the [100] with 0.38 MRD (Fig. 5.4a). The 
strength at the [110] position was 0.8 MRD (Fig. 5.4a). During deformation, the 
intensity of the [111] fibre continuously increased to 2.42, 2.79, 2.9 and 3.5 MRD 
at strain levels of 0.04, 0.08, 0.12 and 0.16, respectively (Fig. 5.4). Similar to the 
[111] fibre, the strength of [100] fibre showed a slight growth, though the [110] 
fibre exhibited a gradual decrease in the intensity with strain (Fig. 5.4).  
 
 
 
 
 
 
 
 
Figure 5.3: The engineering stress and strain curves after interrupted and 
completed tensile tests. RT represents room temperature.  
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Figure 5.4: Inverse pole figures of all the grains inside the marked grid at different
strain levels: a) as-received, b) 0.04, c) 0.08, d) 0.12 and e) 0.16. TD represents 
tensile direction. 

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At an early stage of straining, there was an increase in the dislocation 
density and the presence of slip lines within the majority of grains regardless of 
their orientations (shown by blue arrows in Figs. 5.5-5.7). The manifestation of slip 
lines became more obvious with further straining (Figs. 5.5-5.7). This resulted in a 
change in the orientation of the grains and scattering of the orientation in the 
stereographic triangle (Figs. 5.5-5.7). The mechanical twinning was also observed 
in some grains, mostly aligned with slip lines (shown by white arrows in Figs. 5.5-
5.7).  This suggests that the twins may be formed on pre-existing slip lines on 
straining. Further straining enhanced the mechanical twinning nucleation mostly 
on the grain boundaries. The mechanical twin growth was restricted by the grain 
boundaries. Interestingly, there were some occasions, where the intersection of 
mechanical twin and grain boundary promoted the nucleation of new twins in the 
adjacent grain (shown by yellow arrow in Fig. 5.5g). This may be a result of stress 
concentration at the intersection of twin and grain boundary, which promotes the 
mechanical twin on other side of boundary. These twins mostly appeared to have 
different alignment with the initial twin in the adjacent grain.   
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Figure 5.5: SEM-AsB images a), d), g) and j), the correspondent SEM-EBSD maps b), e), h) and k) and the Inverse pole 
figures c), f), i) and l) of twinned grain oriented close to [111] at strain of 0 a-c), 0.04 d-f), 0.08 g-i) and 0.12 j-l). White 
and blue arrows point at mechanical twins and slip lines, respectively. The yellow arrow points at the grain boundary that
mechanical twinning appeared on both sides. TD and RD represent tensile and rolling directions, respectively.  
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Figure 5.6: SEM-AsB images a), d), g) and j), the correspondent SEM-EBSD maps b), e), h) and k) and the Inverse 
pole figures c), f), i), l) and o) of twinned grain oriented close to [110] at strain of 0 a-c), 0.04 d-f), 0.08 g-i), 0.12 
j-l) and 0.16 m-o). White and blue arrows point at mechanical twins and slip lines, respectively. The yellow arrow 
points at the grain boundary that mechanical twinning appeared on both sides. TD and RD represent tensile and 
rolling directions, respectively.
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Figure 5.7: SEM-AsB images a), d), g), j) and m), the correspondent SEM-EBSD maps b), e), h), k) and n) and the
Inverse pole figures c), f), i), l) and o) of twinned grain oriented close to [100] at strain of 0 a-c), 0.04 d-f), 0.08 g-i),
0.12 j-l) and 0.16 m-o). White and blue arrows point at mechanical twins and slip lines, respectively. The yellow arrow
points at the grain boundary that mechanical twinning appeared on both sides. TD and RD represent tensile and rolling
directions, respectively. 
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Interestingly, the gain orientation significantly influenced the propensity of 
mechanical twin formation (Fig. 5.8). For the grains originally oriented close to 
[111], the mechanical twinning occurred in some grains even at a strain level of 
0.04 (Fig. 5.5d). In general, the number fraction of twinned grains with orientation 
close to [111] increased dramatically from 36% at a strain of 0.04 to about 77% at 
0.08 strain, beyond which a slight increase observed in the number fraction of 
twinned grains reaching to 82, 86 and 91% at strains of 0.12, 0.16 and 0.2, 
respectively (Fig. 5.8). Indeed, a small number of [111] grains was free of 
mechanical twins up to a strain level of 0.2 (Fig. 5.9).    
For the [100] grain orientation, most grains exhibited increased dislocation 
density and/or slip lines without presence mechanical twinning even at a strain of 
0.2 (Fig. 5.10). However, the mechanical twinning was observed in a small number 
of [100] grains at a strain of 0.04 (Fig. 5.7). It should be emphasized that the twins 
were mostly nucleated on the intersection of pre-existing twin in the adjacent grain 
and the grain boundary in the [100] grain orientation (shown by yellow arrow in 
Fig. 5.7g). A close inspection of twinned grains revealed that they had more than 
15o deviation from the ideal [100] orientation. The number fraction for the twinned 
grains with the [100] orientation was 5% at a strain of 0.04 and gradually increased 
to about 23% at the strain level of 0.12 and did not change till a strain of 0.2 (Fig. 
5.8). 
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Figure 5.8: The Number fraction of twinned grains as a function of strain. 
The grains with the [110] orientations appeared to deviate from the original 
orientation towards either [111] or [100] on straining. Similar to the [111] grains, 
they were mostly twinned (Fig. 5.6), though some grains were twin-free even at a 
strain of 0.2 (Fig. 5.11).  In general, the propensity of mechanical twinning in grains 
having close orientation to [110] was lower than the [111] grain orientations. The 
number fraction of twinned grains sharply increased from 32% at a strain of 0.04 
to ~55% at 0.08 strain, beyond which a moderate increase observed up to a strain 
of 0.2 (i.e. ~64%, Fig. 5.8).        
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Figure 5.9: SEM-AsB images a), d), g), j) and m), the correspondent SEM-EBSD maps b), e), h), k) and n) and the 
Inverse pole figures c), f), i), l) and o) of twinned grain oriented close to [111] at strain of 0 a-c), 0.04 d-f), 0.08 g-i), 
0.12 j-l) and 0.16 m-o). TD and RD represent tensile and rolling directions, respectively. 
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Figure 5.10: SEM-AsB images a), d), g), j) and m), the correspondent SEM-EBSD maps b), e), h), k) and n) and the
Inverse pole figures c), f), i), l) and o) of twinned grain oriented close to [100] at strain of 0 a-c), 0.04 d-f), 0.08 g-i), 0.12
j-l) and 0.16 m-o). TD and RD represent tensile and rolling directions, respectively. 
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Figure 5.11: SEM-AsB images a), d), g), j) and m), the correspondent SEM-EBSD maps b), e), h), k) and n) and the 
Inverse pole figures c), f), i), l) and o) of twinned grain oriented close to [110] at strain of 0 a-c), 0.04 d-f), 0.08 g-i), 0.12 
j-l) and 0.16 m-o). TD and RD represent tensile and rolling directions, respectively. 
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5.3.2 The Effect of Grain boundaries Characteristics on the mechanical 
twinning 
5.3.2.1 Grain boundaries misorientation 
Although there was a relatively strong link between the grain orientation 
and the propensity of the formation of mechanical twins, but the mechanical twins 
appeared to nucleate and grow only from particular grain boundary segment 
(Fig. 5.12). This suggests that the character of grain boundary plane may, in some 
extent, contribute to the mechanical twinning nucleation. For example, the 
Figure 5.12: The SEM-EBSD map and the correspondant SEM-AsB image of the 
grain oriented close to [111], the letters represent the grain boundaries. The roman
numbers represent different grain boundaries. TD and RD represent tensile and 
rolling directions, respectively. 
TD
RD 
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mechanical  twinning nucleation was only observed at three grain boundaries out 
of seven surrounding a grain with [111] orientation (i.e. c=43°/[-2-31], e=36°/[322] 
and g=45°/[433] in Fig. 5.12). The detail trace analysis revealed that these 
boundaries were terminated at different plane pairs (Fig. 5.12). Therefore, it is 
essential to survey the tendency of mechanical twinning formation in respect to the 
grain boundary characteristics as a function of strain. Here, the grain boundaries 
with mechanical twins were identified and their relative frequencies were plotted 
as a function of misorientation angle between 15o and 63o using the corresponding 
EBSD at the as-received condition (Fig. 5.13). It appeared that the twins were not 
nucleated on all boundaries with the same frequency for a given strain. At 0.04 
strain, three main peaks were observed in the distribution at 43o, 51o and 59o 
misorientation angles. The first two boundaries (i.e. 43 and 51o), on average, had a 
misorientation axis close to [431] (Figs. 5.14 and 5.15) and the boundaries with a 
misorientation angle of 59o mostly had a misorientation axis of [111]. The detail 
trace analysis of twinned grain boundaries with a misorientation of 43°/[431] (Fig. 
5.14), revealed that they terminated at different plane pairs including (112)||(112), 
(112)||(111), (112)||(122), (112)||(012). For the twinned boundaries with 51°/[431] 
(Fig. 5.15), the plane pairs mostly consisted of (012)||(112), (012)||(110) and 
(012)||(122). The corresponding misorientation axis for the boundaries with 59o 
misorientation angle was near to [111], showing the most boundaries were 
terminated at {111}||{111} planes (Fig. 5.16). Therefore, they can be considered as 
the Ȉ3 annealing twin boundaries. At a strain of 0.08, an additional peak at a 
misorientation angle of 19o was appeared, which mostly had a misorientation axis 
of close to [114]. The trace analysis of these boundaries mostly showed a boundary 
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plane pair of {112}||{122} (Fig. 5.17). No extra peak appeared up to a strain level 
of 0.2, however, the peak intensity at 59o slightly increased with straining. 
  
Figure 5.13: Misorientation angle distribution for twinned grain boundaries at
different strain level, a) strain of 0.04, b) strain of 0.08, c) strain of 0.12, d) strain
0.16 and e) strain of 0.2. 
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Figure 5.14: Trace analysis of the twinned grain boundary with misorientation
angle of 43o: a) pole figure, b) SEM-EBSD map and c) SEM-AsB image. The line 
represents the trace of the grain boundary normal and the dashed line represent the
trace of the grain boundary. The red circle represent the planes that coinside at the
grain boundary.The red dashed line in a) and b) represent the trace of the grain 
boundary. TD and RD represent tensile and rolling directions, respectively. 
TD 
RD 
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Figure 5.15: Trace analysis of the twinned grain boundary with misorientation angle
of 51o: a) pole figure, b) SEM-EBSD map and c) SEM-AsB image. The line 
represents the trace of the grain boundary normal and the dashed line represent the
trace of the grain boundary. The red circle represent the planes that coinside at the
grain boundary.The red dashed line in a) and b) represent the trace of the grain
boundary. TD and RD represent tensile and rolling directions, respectively. 
TD 
RD 
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Figure 5.16: Trace analysis of the twinned grain boundary with misorientation 
angle of 59o: a) pole figure, b) SEM-EBSD map and c) SEM-AsB image. The line 
represents the trace of the grain boundary normal and the dashed line represent the
trace of the grain boundary. The red circle represent the planes that coinside at the 
grain boundary.The red dashed line in a) and b) represent the trace of the grain
boundary. TD and RD represent tensile and rolling directions, respectively. 
TD 
RD 
131 

  
Figure 5.17: Trace analysis of the twinned grain boundary with misorientation
angle of 19o: a) pole figure, b) SEM-EBSD map and c) SEM-AsB image. The line
represents the trace of the grain boundary normal and the dashed line represent the
trace of the grain boundary. The red circle represent the planes that coinside at the
grain boundary.The red dashed line in a) and b) represent the trace of the grain
boundary. TD and RD represent tensile and rolling directions, respectively. 
TD 
RD 
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5.3.2.2 The inclination angle of the grain boundaries normal in relation to 
the straining direction  
Since annealing twin boundaries have a common {111}||{111} pure twist 
boundary plane with a minimum energy arrangement, only these boundaries were 
considered here to investigate the influence of grain boundary plane normal 
inclination in respect to the tensile direction on the propensity of the formation of 
mechanical twins. It was revealed that it has no significant effect on the mechanical 
twinning nucleation (Fig. 5.18). Although, a very slight increase was observed in 
inclination angle range of 30-70 (Fig. 5.18b), but it could be related to the increased 
population of the annealing twin boundaries with this inclination angles (Fig. 
5.18a).  
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Figure 5.18: An angle between the plane normal of the annealing twin boundary
and the tensile direction at different strain levels: a) as-received condition, b) 0.04 
c) 0.08, d) 0.12, e) 0.16 and f) 0.2. 
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5.4 Discussion  
The mechanism of the nucleation and growth of mechanical twinning was 
widely investigated and many models have been discussed [28, 110, 113, 190, 192]. 
The main concept of those models is the dissociation of the dislocation during 
gliding on {111} planes [28, 110, 113, 190, 192] as those dissociated partials are 
believed to be the embryos of the mechanical twinning. It is also suggested that 
mechanical twins nucleate after the activation of multiple slip systems and the 
occurrence of dislocation pile-ups [40, 43, 190], as they tend to locally increase the 
stress concentration. In other words, the nucleation of mechanical twinning requires 
a certain amount of deformation to activate multiple slip systems, which depend on 
the grain orientation. Schmid’s law was previously employed [17, 48, 49] to explain 
the tendency of a given grain orientation to the formation of mechanical twins. It 
was reported that the grains with low Schmid factor orientations activate multiple 
slip systems easier than the orientations with high Schmid factor [17, 48, 49]. This 
means that the former has greater mechanical twinning propensity than the latter.  
However, Schmid’s law is defined for a single crystal and cannot be 
employed for polycrystalline materials. A recent work [24] used the Taylor factor 
instead to explain the grain orientation dependence of the mechanical twinning as 
it considers the strain compatibility of a given grain with its neighbours in 
polycrystalline materials. It was shown that the orientations with high Taylor factor 
(i.e. greater than 0.26, for example [111]) are most favourable for twinning. This is 
consistent with the current in-situ SEM-EBSD/SEM-AsB observation where the 
grains with orientation close to the [111] and [100] are found to be the most and 
the least favourite orientations for the mechanical twinning, respectively. The [110] 
135 

orientation reveals the second favourite orientation for the mechanical twinning, 
though it is not a stable orientation and tends to rotate towards [111] and [100] 
orientations. 
A grain with orientation close to the [111] has a high Taylor factor and 
therefore experiences a greater strain hardening in comparison with a low Taylor 
factor grain orientation (i.e. [100]). As a result, it would be expected to develop 
higher dislocation density in the [111] grains than the [100] orientation for a given 
strain. As Miura et al. [193] argued, the [100] grain orientations promote 
dislocation cross-slip, which, in turn, releases the stress concentration required for 
the mechanical twinning. In overall, this is consistent with the recent in-situ neutron 
diffraction observations where the lattice strain of [111] orientation grains is much 
greater than that of [100] grains for a given macroscopic stress [17, 24, 189]. 
Consequently, the stacking fault probability becomes higher in the [111] among 
other orientations, enhancing the propensity for the mechanical twin formation [4].  
The current observation also reveals that the mechanical twinning mostly 
nucleates at the grain boundaries. This is not surprising as the dislocation density 
is much higher in the vicinity of grain boundary than grain interior to maintain 
strain compatibility between two adjacent grains. However, mechanical twinning 
nucleation is not observed at all boundaries of twinned grain (e.g. Fig. 5.12). In 
other words, some boundaries have a greater tendency to nucleate mechanical twin 
than others, which appears to depend on the macroscopic strain and in some extent 
the inclination angle between boundary plane normal and tensile direction.  
The grain boundaries are active structural elements as certain properties of 
crystalline materials are controlled to a large extent by their characteristics (i.e. 
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plane type). Indeed, the grain boundary plane type influences the atomic structure 
of the interface (i.e. defect density and energy), which ultimately governs the 
boundary contribution to the material properties. In the current study, the three-
dimensional EBSD data set, for the same material [191], was used to measure the 
grain boundary energy distribution for the misorientation angle/axis pairs showing 
mechanical twinning for different strain levels. Interestingly, the grain boundary 
planes for the twinned boundaries mostly show the highest energy in the 
distribution, which suggests the presence of high defect density in the atomic 
structure. For example, the twinned boundaries with 43o/[431] mostly terminated 
at (112),(111),(122) and (012) on average showing an energy of 0.8 arbitrary units 
(a.u.) (Fig. 5.19a). This suggests that the character of grain boundary (i.e. energy) 
indeed influences the formation of mechanical twins. However, this is not the case 
for the annealing twin boundaries, which have the minimum energy among all 
boundaries due to the coherent character at the as-received condition (Fig. 5.19d). 
It should, though, emphasise that the characteristics of the annealing twin boundaries 
were significantly influenced by the tensile deformation. This is due to the reaction 
of the gliding dislocations with the annealing twin boundary/matrix interface, 
which stimulates the grain boundary sliding and changing the misorientation across 
the annealing twin boundary/matrix interface [179].  
This ultimately results in a significant increase in the grain boundary energy 
[194] as schematically illustrated in Fig. 5.20. Interesting, mechanical twins 
nucleated from some of the annealing twin boundaries even at a strain of as low as 
0.04. The close inspection of those boundaries shows that they have an inclination 
angle greater than 30o (Fig. 5.18b). The tendency of mechanical twinning 
nucleation on the annealing twin boundary significantly increased with strain, 
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revealing the mechanical twinning at boundaries with an inclination angle of as low 
as 10o (Fig. 5.18). Indeed, the current result does not show any clear trend in respect 
to the inclination angle towards the propensity of the mechanical twinning (Fig. 
5.18). However, it should be emphasised that the tendency of grain boundary 
mechanical twinning is governed by a combination all three examined parameters 
(i.e. grain boundary plane character (i.e. energy/defect density), grain orientations 
on either sides of boundary and the boundary plane normal inclination in respect to 
the deformation direction). This, in fact, requires a greater statistical analysis of 
microstructure to isolate the effect of each individual parameter on the formation 
of mechanical twins. Based on the current observation, the formation of mechanical 
twins can mostly be influenced by the grain orientation, and grain boundary 
character/energy. The grain boundary inclination can affect the mechanical 
twinning in some extent, though it requires further investigation to understand the 
extent of its contribution.    
  
Figure 5.19: The grain boundary energy (Ȗ) behaviour as a function of the 
misorientation angle (ĳ) [191]. 
138 

 
5.5 Conclusions 
The present study examined in-situ the susceptibility of the formation of 
mechanical twins. Three main grain orientations (i.e. [111], [110] and [100]) and 
the grain boundaries surrounding them were extensively studied at different tensile 
straining conditions. This included 22 grains close to each chosen orientation 
having more than 300 grain boundaries surrounding them. Moreover, ~60 specific 
Ȉ3 annealing twin boundaries were surveyed to analyse the influence of the 
inclination angle with respect to the tensile deformation on the formation of 
mechanical twins at different strain levels.  These meticulous analysis can draw the 
following main conclusions: 
Figure 5.20: The energy representing the peaks in the misorientation angle
distribution of twinned grain boundaries. a) angle of 43o, b) angle of 51o, c) angle 
of 59o, d) angle of 19o, and e) schematical representataion of different planes. The 
energy measured by arbitrary units (a.u.). 
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1. A valuable data combining the atomic structure in the grain interiors and 
the grain environs was obtained in-situ as a function of tensile strain. 
2. The most important parameter in estimating the formation of 
mechanical twins is the grain orientation. However it is not the only 
parameter to be considered. 
3. The grain boundaries energy affected by the grain boundaries characters 
(i.e. the misorientation angle/axis and the grain boundary plane normal), 
should be also considered in the prediction of cites for the mechanical 
twinning nucleation. 
4. The inclination angle between the grain boundary plane normal and the 
tensile direction did not reveal any certain trend in the formation of 
mechanical twins.    
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Chapter 6 
6 A Constitutive Model of the Deformation Behaviour of 
Twinning Induced Plasticity (TWIP) Steel at Different 
Temperatures 
6.1 Introduction  
In the following chapter a constitutive model for a high Mn, low SFE TWIP 
steel is developed based on the already established Kocks-Mecking-Estrin 
methodology. Mechanical twinning plays a crucial role in the deformation 
mechanism of the low SFE austenitic steels.  Mechanical twinning contributes not 
only to the plastic strain, but they also create obstacles to the dislocation slip, which 
is referred to the dynamic Hall-Petch effect [64]. Temperature has a significant 
effect on the SFE, which results in a variation of the relative contributions of 
twinning and dislocation glide to the plastic strain with temperature, thus affecting 
the work-hardening behaviour [11, 99]. It is of a great importance for automotive 
industry to develop a physically based constitutive model for TWIP steel, which 
take into consideration the microstructural parameters (i.e. in TWIP steel, twinned 
and twin-free grains should be considered exclusively).  

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6.2 Constitutive model 
The constitutive modelling based on the idea of the existence of two 
populations of grains i.e. the twinned and the twin-free ones. In each grain 
population the dislocation density follows different evolution kinetics [19].  
The current model uses the dislocation density evolution equations of the 
Kocks-Mecking-Estrin (KME) model [167, 169, 195] for the two populations of 
grains.  
For both populations of grains, a common platform for a constitutive 
description is the Taylor equation that relates the flow stress ߪto the dislocation 
densityߩ: 
ߪ ൌ ߪ଴ ൅ ܯߙܩܾඥߩ                        (6.1) 
Here ߪ଴ is a ‘friction’ stress, ߙ is a numerical constant, which depends on the 
strength of the dislocation-dislocation interaction, ܩ is the shear modulus, ܾ is the 
magnitude of the Burgers vector and ܯ is the Taylor factor. 
In the original KME model, strain rate dependence was included through a 
factor in a power-law form (with a temperature-dependent exponent) on the right-
hand side of Eq. (6.1). As this dependence is reasonably weak, this factor has been 
omitted here. However, it can be included if the strain rate sensitivity of stress needs 
to be considered. It should also be noted that some models include a contribution 
from the DSA effect to flow stress [19]. However, it was demonstrated [19] that 
the DSA contribution is pretty small (~20 MPa at room temperature) and therefore 
it has been disregarded in the current model.  
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The dislocation density in Eq. (6.1) is a varying quantity, and its evolution 
obeys different kinetics in the twinned and the twin-free grains, as represented by 
the following equations: 
ௗఘ೟ೢ೔೙೙೐೏
ௗఌ ൌ ܯ ቀ
ଵ
௕௸ ൅ ݇ଵඥߩ௧௪௜௡௡௘ௗ െ ݇ଶߩ௧௪௜௡௡௘ௗቁ        (6.2) 
ௗఘ೟ೢ೔೙ష೑ೝ೐೐
ௗఌ ൌ ܯ ቀ
ଵ
௕ௗ ൅ ݇ଵඥߩ௧௪௜௡ି௙௥௘௘ െ ݇ଶߩ௧௪௜௡ି௙௥௘௘ቁ       (6.3) 
Here the coefficients ݇ଵܽ݊݀݇ଶrepresent the dislocation storage rate and 
the dynamic recovery rate, respectively. The dynamic recovery coef¿cient ݇ଶ is 
strain rate, temperature and SFE dependent, while the parameter ݇ଵ is commonly 
regarded as a rate and temperature independent material constant. Some recent 
investigations have shown, however, that ݇ ଵmay depend on SFE or microstructure, 
cf. e.g. [196]. The first term in the evolution equation, Eq. (6.2) or (6.3), is governed 
by the inverse of the geometrical parameter that controls the dislocation mean-free 
path. In the twin-free grains, it is the average grain size, d. Estimates for the TWIP 
steel considered that this term in Eq. (6.3) can be neglected. The parameter ߉ 
entering Eq. (6.2) describes the dislocation mean free path inside the twinned grains 
and is controlled by the spacing between the boundaries within a grain, not 
discriminating between grain and twin boundaries. 
While the process of dislocation storage is essentially athermal, so that  ݇ଵ 
does not depend on temperature, the parameter ݇ଶaccounts for the dynamic 
recovery processes, (e.g. annihilation of screw dislocations on parallel planes 
subsequent to cross slip, at the low temperature regime, is thermally activated). At 
high temperature, these processes are related to climb of edge dislocations. 
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However, it should be noted that some models have used different parameters for 
different grains and types of dislocations [58].  
The dislocation mean free path ߉entering Eq. (6.2) is a strain dependent 
quantity. In the literature, this dependence has been treated in various ways. Thus, 
a linear dependence of inverse MPF on strain was assumed [197]; alternatively, the 
strain dependence was introduced by associating ߉ with the evolving densities of 
dislocations on multiple slip planes [198]. Finally, exponential dependence of 
inverse MPF on strain related to the Avrami-type kinetics [199] was postulated. 
This type of dependence is most relevant to the case of ‘dynamic Hall-Petch effect’ 
associated with progressive twinning considered here. Indeed, it was adopted in the 
constitutive description of the deformation behaviour of TWIP steels in [9, 19, 64]. 
In what follows, the modelling concept suggested in [19] was implicated in 
the current model. As mentioned above, it is assumed that the occurrence of 
mechanical twinning is not homogeneous across the material. The microstructural 
observations from Chapter 4 and previous reports [19, 24] revealed that both the 
volume fraction, f, of the grains undergoing twinning (Fig. 4-28b) and the twinned 
volume fraction in the grains that do exhibit twinning (Fig. 4.27a) vary in the course 
of straining. In the current model, the strain dependence of f determined from 
detailed experimentation (Fig. 4.28b) will be used. The variation of twinned volume 
fraction within the grains that do twin, which in earlier work was assumed to obey 
the Avrami-type equation [9, 64] is reflected in the concomitant variation of the 
dislocation mean free path߉. This variation of the MFP inside twinned grains 
during straining was measured experimentally at different strain levels and 
presented in Chapter 4 (Fig. 4.27b). The results were fitted in the strain range after 
the onset of twinning (i.e. above the onset strain for twinning, ߝ௢௡௦௘௧ǡ which can be 
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taken as 0.04 at room temperature, 0.14 at 100°C and 0.24 at 200°C). The following 
expression for the MFP covering the entire strain range was used:  
߉ ൌ ߉௢ܪሺߝ௢௡௦௘௧ െ ߝሻ ൅ ߉௢݁ݔ݌ି஼ሺఌିఌ೚೙ೞ೐೟ሻܪሺߝ െ ߝ௢௡௦௘௧ሻ        (6.4) 
Here ߉௢is the initial MPF, which is identical with the average grain size d. The 
Heaviside step function with the properties H(x) = 0 for x < 0; H(x) = 1 for x ൒0 
was introduced to account for ‘switching’ of mechanical twinning atߝ ൌ ߝ௢௡௦௘௧. 
With these ingredients of a constitutive description in place, the flow stress ߪ is 
obtained from a rule of mixtures, i.e. as a weighted sum of the contributions from 
twinned and twin-free grains:  
ߪ ൌ ݂ߪ௧௪௜௡௡௘ௗ ൅ ሺͳ െ ݂ሻߪ௧௪௜௡ି௙௥௘௘          (6.5) 
The quantities ߪ௧௪௜௡௡௘ௗ and ߪ௧௪௜௡ି௙௥௘௘ denote the flow stress in the twinned and 
twin-free grains in terms of the respective dislocation densities: 
ߪ௧௪௜௡௡௘ௗ ൌ ߪ଴ ൅ ܯߙܩܾඥߩ௧௪௜௡௡௘ௗ          (6.6) 
ߪ௧௪௜௡ି௙௥௘௘ ൌ ߪ଴ ൅ ܯߙܩܾඥߩ௧௪௜௡ି௙௥௘௘         (6.7) 
The set of equations (6.2)–(6.7) with the assumed initial dislocation 
densities in both populations of grains [19] and set model parameters [19] (Table 
6.1), along with the experimentally derived strain dependent quantities f and߉, 
provide a full constitutive description of the current TWIP steel. 
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Parameters Physical meaning Values 
ߪ଴ ‘Friction’ stress 1͹Ͳ െ ͶͳͲ MPa, temperature dependent 
ܯ Taylor factor ͵ǤͲ͸ [19] 
ܩ Shear modulus ͸Ͳ GPa [19] 
ܾ Magnitude of Burgers vector ʹǤͷ ൈ ͳͲିଵ଴m [19] 
ߩ௧௪௜௡௡௘ௗ Initial dislocation density in twinned grains ͷ ൈ ͳͲଵଷ m
-2 [19] 
ߩ௧௪௜௡ି௙௥௘௘ Initial dislocation density in twin-free grains ͷ ൈ ͳͲଵଷ m
-2 [19] 
߉௢ Pre-exponential factor in Eq. (6.4) ʹͷͲͲ ȝm 
C 
Coefficient in the exponential 
factor in Eq. (6.4) 
Room 
temperature ͸ǤͶ 
ͳͲͲoC ͸ 
ʹͲͲoC ͷǤʹ 
 
  
Table 6.1: Model parameter values.  
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6.3 Modelling parameters (࢑૚and࢑૛) identification and simulation of 
deformation curves 
To gauge the constitutive model, it was first applied to describe the 
experimental stress-strain curves at the deformation temperatures of 300°C and 
400°C where no mechanical twinning was observed. At these temperatures, only 
twin-free grains participate in the deformation (f = 0). Therefore, the dislocation 
mean free path is equal to the grain size, which is believed to remain constant. From 
the strain hardening data at these temperatures, the coefficients ݇ ଵand ݇ଶ can easily 
be calculated from the linear ߠ െ ߪ diagram,  
ߠ ൌ ߠூூሺͳ െ ሺߪ െ ߪ௢ሻȀߪ௦ሻ,           (6.8) 
which follows from Eq. (6.3) when the term ଵ௕ௗ is neglected, which is admissible 
for the present case. The intersection of the ߠݒݏǤ ߪ െ ߪ௢ plot with the ordinate axis 
(Fig. 6.1) yields the stage II strain hardening rateߠ୍୍ given as [169, 195] 
ߠ୍୍ ൌ ߙܩܾܯ૛ ௞భଶ             (6.9) 
and through it the value of the parameter ݇ଵ. The intersection with the abscissa 
determinesߪ௦ െ ߪ଴, which provides immediate access to the parameter ݇ଶthrough 
the saturation stress 
ߪ௦ ൌ ߙܩܾܯ ௞భ௞మ                       (6.10) 
Using Eq. (6.9), the parameter ݇ ଵwas determined from the stress-strain data 
to have slightly different values of ͳǤ͵Ͳ ൈ ͳͲ଼m-1 and ͳǤͶͷ ൈ ͳͲ଼m-1 at 300°C 
and 400°C, respectively. Following the accepted assumption of the KME model 
that the parameter ݇ଵis temperature independent, the arithmetic average of the two 
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values, ͳǤ͵͹ͷ ൈ ͳͲ଼ m-1 was set for݇ଵ. In contrast to݇ଵ, the parameter ݇ଶis 
temperature dependent. Using Eq. (6.10), the parameter ݇ଶwas found to be ͳǤ͹ and 
ʹǤͷ at 300°C and 400°C, respectively. The stress-strain curves at 300°C and 400°C 
calculated with the values of ݇ଵ and ݇ଶ thus determined were found to be in very 
good agreement with the experimental data (Fig. 6.2). 
 
 
Figure 6.1: Experimental strain hardening curves in the Kocks-Mecking plot 
(߆vsߪ െ ߪ଴). The solid lines represent the linear portions of the plots and were
used to identify the parameters ݇ଵ and ݇ଶ in the evolution equation for the 
dislocation density for the temperatures of 300°C and 400°C. 
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In a next step, the rule-of-mixture model comprising Eqs. (6.2)-(6.7) was 
applied to the room temperature deformation when the contribution to stress from 
the twinned grains needs to be included. With the experimental input for the strain 
dependence of the fraction f of twinned grains (Fig. 4.28b) fitted by a second-order 
polynomial curve and the dislocation mean free path in the latter (Fig. 4.27b) fitted 
by Eq. (6.4) the room temperature stress-strain curve was fitted using the parameter 
values summarised in Table 6.1 and the pre-set value of ݇ ଵ ൌ ͳǤͶͳͲ଼m-1 for twin-
free grains. The fitting was done with three free parameters: the coefficient ݇ଶfor 
twin-free grains and the coefficients ݇ଵand ݇ଶ for twinned grains. The best fit was 
achieved with ݇ଶ ൌ ͵Ǥͻ for the twin-free grains and the values of ͲǤͷͳͲ଼ m-1 and 
6.5 for the parameters ݇ଵand ݇ଶ for twinned grains, respectively.  
With the parameters listed in Table 6.1 and the ݇ଵ and ݇ଶvalues for both 
populations of grains obtained from the above fits, the variation of the dislocation 
density evolution inside twinned and twin-free grains during room temperature 
deformation was calculated using Eqs. (6.2) and (6.3), see Fig. 6.3. This dislocation 
density is similar to the calculated one using TEM images in [19]. 
Figure 6.2: A comparison between experimental true stress–true strain curves and 
the deformation curves predicted by the model at different tensile testing
temperatures: a) 300oC and b) 400oC. 
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Figure 6.3: Modelled dislocation density in a) twin-free grains and b) twinned 
grains as a function of true strain. 
A similar procedure of parameter identification using the volume fraction 
of twinned grains and the MFP therein (Figs. 4.28b and 4.27b), and determining 
the coefficients in the evolution equations from fitted stress-strain curves was 
applied for tensile deformation at 100°C and 200°C.  The values of the temperature 
independent coefficient ݇ଵand the temperature-dependent coefficient ݇ଶ for both 
populations of grains obtained in this way are summarised in Table 6.2. 
Table 6.2: Coefficients ࢑૚ and ࢑૛ for twinned and twin-free grains 
 Twinned grains Twin-free grains 
 ݇ଵ [m-1] ݇ଶ ݇ଵ [m-1] ݇ଶ 
Room 
temperature 
ͷ ൈ ͳͲ଼ ͸Ǥͷ ͳǤͶ ൈ ͳͲ଼ ͵Ǥͻ 
ͳͲͲoC ͷ ൈ ͳͲ଼ ͺǤ͵ ͳǤͶ ൈ ͳͲ଼ ʹ 
ʹͲͲoC ͷ ൈ ͳͲ଼ ͺǤͻ ͳǤͶ ൈ ͳͲ଼ ͳǤͳ 
͵ͲͲoC   ͳǤͶ ൈ ͳͲ଼ ͳǤ͹ 
ͶͲͲoC   ͳǤͶ ൈ ͳͲ଼ ʹǤͷ 
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Utilising the obtained parameters, a very good agreement between the 
experimental and simulated results is obtained in a temperature range from room 
temperature to 400°C, see Figs. 6.2 and 6.4.  
6.4 Discussions  
The value of this work on the Fe-18Mn-0.6C-1Al (wt.%) TWIP steel can 
be seen in the detailed experimental data on the evolution of the volume fraction of 
twinned grains and the boundary spacing therein (which is tantamount to the 
dislocation mean free path) gathered for various deformation temperatures, which 
was presented in details in Chapter 4. These data deliver important input for 
modelling of the deformation behaviour of this TWIP steel based on a phase-
mixture model that was presented elsewhere [3,4].  The two ‘phases’ considered 
are the populations of twinned and twee-free grains. The overall flow stress at room 
temperature is represented by a weighted sum of flow stresses the two ‘phases’. As 
the temperature increases, the amount of mechanical twinning, and thus the 
contribution to stress from the twinned grains, goes down; almost no twinning 
occurs at a temperature of ~300°C and above. The premise of the model [19, 24] 
inherited from the Bouaziz model [9, 64] is that the main contributor to plastic 
strain is the dislocation glide – even in the grains undergoing mechanical twinning. 
The role of twinning is seen in the dynamic decrease of the dislocation mean free 
path, which produces sustained strain hardening by dislocation storage at twin 
boundaries acting against dynamic recovery.   
In the temperature range from room temperature to 200°C the flow stress is 
a combination of the flow stresses in twinned and twin-free grains where 
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dislocation density evolution shows different kinetics. In twin-free grains, there are 
no boundary-related obstacles to dislocation glide. Therefore, the MFP, ȁ, is 
constant and equal to the initial grain size (i.e. 2.5 ȝm) throughout the entire 
deformation. Consequently, in the absence of mechanical twinning, the strain 
hardening rate declines continually.  
In contrast to twin-free grains, the formation of mechanical twins in the 
twinned grains causes a progressive reduction of the MFP ȁ in the course of 
deformation for strains exceeding the twinning onset strain (Fig. 4.27b). As a result, 
these grains have an increased strain hardening rate. As the temperature increases, 
the twinning onset strain is raised, and for temperatures in excess of 300°C 
deformation-induced twinning vanishes altogether. As pointed out in Chapter 4, the 
growth of the critical strain for twinning with rising temperature is believed to be 
due to an increase in the SFE with temperature. At 300°C and 400°C, no mechanical 
twins were observed in the microstructure. Therefore, the modelled deformation 
curves are based entirely on the constitutive behaviour of the twin-free grains. The 
modelled deformation curves are in very good agreement with experiment, which 
confirms that mechanical twinning can be ruled out in this temperature range. This 
is regarded as a result of the temperature dependence of the stacking fault energy, 
which has a strong effect on the deformation mode. It was revealed in Chapter 4 
that the SFE does increase with temperature (Fig. 4.29). At 300°C, the magnitude 
of SFE exceeds the range of SFE values (i.e. 20-60 mJ/m2 [5, 69, 70]), for which 
mechanical twinning is the deformation-controlling mechanism. 
In the temperature range where mechanical twinning does occur, the 
volume fraction of twinned grains continually grows with strain and reaches its 
maximum at fracture (Fig. 4.28b). The only exception was found for 200°C, when 
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the calculated volume fraction of twinned grains reached saturation at a late stage 
of the deformation (i.e. ~95% strain). However, the real measurements did not show 
any saturation. 
The modelled stress-strain curves show good agreement with the 
experimental data at all deformation temperatures (Figs. 6.2 and 6.4). The modelled 
curves are slightly dipped in the region of the mechanical twinning activation. This 
behaviour was previously observed with other models [18, 19] and it is pretty 
obvious that it is associated with mechanical twinning. There is still a debate about 
the exact strain, at which mechanical twinning sets in. It cannot be ruled out that 
the mechanical twin initiation starts before it is observed by the current 
Figure 6.4: Modelled and experimental true stress–true strain curves a) at room 
temperature, b) at 100oC and c) at 200oC. The curves corresponding to twin-free 
and twinned material taken separately are shown by dotted and dashed lines,
respectively. 
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microstructural characterisation techniques, while the occurrence of non-
monotonic strain hardening may pick up mechanical twinning in a more sensitive 
way. 
The parameter ݇ ଵ describing the dislocation storage was estimated for twin-
free and twinned grains using equations (6.9) and (6.10). The values obtained were 
found to be practically temperature-independent, yet to be different for non-
twinned and twinned grains, the latter having a larger magnitude. This may be seen 
as a contradiction with a common belief that ݇ଵ is a material constant. However, 
there exists evidence [196] that a change in the composition of a material, which 
affects the SFE, can lead to a variation in ݇ଵ. Apparently, the presence of twin 
boundaries may affect the magnitude of ݇ଵ as well. Therefore, the ݇ଵ values are 
specific for twin-free and twinned grains, but stay constant at all deformation 
temperatures for each class of grains. 
In contrast to݇ଵ, the dynamic recovery parameter ݇ଶis temperature and 
strain rate dependent. It was adjusted for both twinned and twin-free grains to 
provide the best fit of the deformation curve for each temperature (Fig. 6.5). 
Normally, it is assumed that ݇ଶ would rise with temperature [195, 200]. While this 
is what was found for the twinned grains, an entirely different behaviour of ݇ଶ with 
temperature was deduced for twin-free grains through fitting of the deformation 
curves. In the twin-free case, ݇ଶ behaved non-monotonically and exhibited a 
minimum between 150 and 250°C. This correlates with a transition in the 
deformation mechanism from twinning-driven to pure dislocation glide-driven one 
in this temperature range. It may therefore be speculated that the two effects might 
be related. Furthermore, it should be noted that dynamic strain aging, while 
insignificant with respect to its contribution to the flow stress, may still have an 
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effect on the temperature dependence of ݇ଶ through the temperature dependence of 
the DSA processes. At present, a deeper-level model that would explain the 
temperature dependence of the parameter݇ଶ cannot be offered. 
 
6.5 Conclusions 
The meticulous experimental data were collected for high Mn, low SFE 
TWIP steel at different tensile temperature between the ambient to 400oC. The 
obtained data of the twinned grains and the dislocation mean free path was used in 
constitutive model. This model is established based on Kocks-Mecking-Estrin 
approach and uses the two populations of grains constructed of the mixture between 
twinned and twin-free grains. The model parameters were acquired from extensive 
experimental data containing more than 100 grains at each tensile condition. 
  
Figure 6.5: Model parameter ݇ଶ as a function of tensile testing temperatures. 
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The main conclusions of the current study are as follows: 
1. A valuable set of data about evolution of the mechanical twinning at 
different strain levels was meticulously acquired. 
2. A good agreement was found between the model and the experimental 
stress-strain data for all straining conditions. 
3. Some unexpected behaviour was observed in the evolution of the KME 
model parameters, which were deducted from the curve fitting. The KME 
model, the dynamic recovery parameter for the twin-free grains showed 
some unexpected behaviour with temperature. This arises the uncertainty 
about the role of temperature dependence of the stacking fault energy 
and/or dynamic strain ageing in the dislocation density development. 
4. In general, the current model, with the identified modelling parameters, can 
predict a stress-strain behaviour of Fe-18Mn-0.6C-1Al (wt.%) TWIP steel 
in a broad temperature range. 
 
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Chapter 7 
7 Conclusions and suggestions for future work 
7.1 Introduction 
This research has developed and improved the understanding of the 
nucleation and growth of the mechanical twinning in the high Mn, low SFE TWIP 
steel. There were three main objectives of this research. The first objective was to 
develop the fundamental understanding of the deformation mechanism in TWIP 
steel i.e. the effect of crystallographic parameters on the nucleation and growth of 
mechanical twins, with high statistical significance approach. The ultimate goal 
was to evaluate and control the relationship between the microstructure and the 
work-hardening in the high Mn, low SFE TWIP steel. The second objective was to 
understand the effect of the grain orientation and the grain boundary characteristics 
on the mechanical twins’ formation. The third objective was to develop a 
constitutive model of the stress-strain behaviour of high Mn, low SFE TWIP steel, 
incorporating the meticulously acquired microstructural parameters.  
 The microstructure was examined using various techniques such as: SEM 
in conjunction with EBSD and AsB detectors, TEM and APT. The evolutions of 
the volume fraction of twinned grains; the volume fraction of twins; and the MFP 
were construct as a function of tensile strain at different deformation temperatures.  
 Using in-situ tensile experiment, the roles of the grain orientation and the 
grain boundaries characteristics were examined. It was found that the grain 
orientation governs the nucleation of the mechanical twinning. Furthermore, the 
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grain boundaries characteristics affects, in some extent, the formation of 
mechanical twins. However, no clear relationship was found between the 
inclination of the grain boundaries and the formation of mechanical twins. 
 A constitutive model was built considering the dislocation evolution 
differently at twinned and twin-free grains. The model used extensive experimental 
results acquired meticulously at different deformation conditions. The results 
revealed that the softening parameter,݇ଶ, is different in each type of the grains. 
Furthermore, the behaviour of the softening parameter as a function of the tensile 
temperature was unexpected as it started raising at ~250oC and beyond. The 
modelled stress-strain behaviour well matches the experimental stress-strain 
behaviour.   
This chapter provides the conclusions to this research, summarizing the 
results and the discussions reported in Chapters 4, 5 and 6. Moreover this chapter 
offers some suggestions for future research.   
7.2 Conclusions 
7.2.1 The deformation mechanism in the high Mn, low SFE TWIP steel. 
The main goal of this part of the research was to establish fundamental 
understanding on the development of the microstructure as a function of tensile 
straining at different deformation temperature. This will enable to ‘switch on and 
off’ some of the deformation mechanisms. The correlation between the 
microstructure and the work-hardening of the material provide the information 
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about the role of the deformation mechanism on the work-hardening at each stage 
of the deformation.  
Mechanical twinning parameters such as: the volume and the number 
fraction of twinned grains; the volume fraction of mechanical twins; and the MFP 
were carefully evaluated in this part of research. Mechanical twinning is a very 
important microstructural feature, which delays the recovery at the late stage of the 
deformation. It was found that although mechanical twinning occurs at the early 
stage of deformation (i.e. strain of ~0.04) and is developed till fracture, the 
contribution of the stacking faults to the work-hardening behaviour is more 
important. Moreover, the work-hardening stages cannot be correlated with only the 
formation of the mechanical twins, for example, an increase in the tensile 
temperature led to postponing mechanical twinning to higher strain levels (i.e. 0.14 
and 0.24 at 100 and 200oC, respectively) on the other hand the initial stages in the 
work-hardening behaviour were not postponed but tend to disappear.  
Stacking faults tend to form extensively in the microstructure at room 
temperature and they were observed before and during the formation of the 
mechanical twins. During early stage of deformation, the gliding dislocations tend 
to interact with the stacking faults, which cause an increase in the work-hardening 
behaviour. Furthermore, temperature rise decreased the stacking fault formation, 
which can be correlated with the shrinkage of some of the work-hardening stages.  
Another microstructural feature that seemed to have a weak contribution in 
the work-hardening was the dynamic strain aging (DSA). It was most prominent at 
100oC and its most contribution is in enhancing the elongation. Temperature highly 
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affects the DSA and it was found to operate only in a very narrow temperature 
range (i.e. room and 100oC) leading to an increase in the elongation.  
In summary, the work-hardening of the TWIP steel deformed at room 
temperature is affected by formation of stacking faults, deformation twins and 
DSA, which occur simultaneously during deformation and their effect on the work-
hardening behaviour is not possible to be separated. However, the current study has 
shown that the stacking faults formation is the main deformation mechanism 
contributed to the work-hardening at the early stage of deformation. The 
mechanical twinning contributes to the work-hardening in the later stage of 
deformation postponing the necking and increasing the elongation; while the DSA 
effect has the least contribution to the work-hardening behaviour, which can result 
in a minor increase in the elongation.   
7.2.2 The effect of the grain orientation and the grain boundaries 
characteristics on the nucleation of the mechanical twins 
The effect of three parameters on the formation of mechanical twins was 
examined and their influence on the mechanical twinning nucleation was 
established.   
7.2.2.1 The effect of grain orientation 
66 grains with orientation close to [111], [110] and [100] were examined, it 
was found that the most and the least prominent orientations for the formation of 
mechanical twins are [111] and [100], respectively. The [110] orientation was 
found to be the second favourable for the twinning nucleation but it is unstable and 
the grains tend to rotate either towards [111] or [100] orientations. It was concluded 
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that the grain orientation is an important parameter in predicting mechanical twins 
in certain grain. 
7.2.2.2 The grain boundary energy   
The grain boundary energy was evaluated for 366 grain boundaries based 
on the grain boundary characteristics (i.e. the misorientation angle/axis). Four grain 
boundaries types, with highest grain boundary energy (i.e. 43o/[431], 51o/[431], 
59o/[111] and 20o/[114]) were found to have more suitable conditions for 
mechanical twinning nucleation. Therefore, it was concluded that the grain 
boundary energy also affects, in some extent, the mechanical twinning nucleation. 
7.2.2.3 The effect of the inclination angle between the grain boundary plane 
normal and the tensile direction on the mechanical twins nucleation 
and growth 
The inclination angle between the grain boundary normal and the tensile 
direction was examined for the 58 Ȉ3 coherent twin boundaries. Although, there is 
no nucleation of mechanical twins at the grain boundaries with inclination angle 
less than 30o at the early stage of deformation, no correlation was found between 
the inclination angle and the formation of mechanical twins. It can be concluded 
that the role of this parameter is less important than the grain boundary orientation 
and the grain boundary energy.  
In summary, the parameters effecting the mechanical twinning nucleation 
from the most effecting to the least are: the grain orientation, the grain boundary 
energy and the inclination angle between the grain boundary plane normal and the 
tensile deformation. In other words, the internal grain orientation is more important 
than the compatibility of the certain grain with its neighbours.  
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7.2.3 Constitutive model of the stress-strain behaviour of the high Mn, low 
SFE TWIP steel  
The constitutive model was developed for a high Mn, low SFE TWIP steel 
based on the meticulously acquired experimental data. The model takes solely into 
consideration two types of grains, twinned and twin-free once. The contribution to 
the stress-strain behaviour of the steel was assessed using the rule of mixture 
between them. It was found that these two types of grains behave as two different 
material phases, which must be treated in a distinct manner. Solute parameters were 
used in modelling the stress-strain behaviour of the steel and the model matches 
well with the experimental data at all deformation conditions. It was also found that 
the behaviour of the softening parameter, which governed the recovery of the steel, 
is in contrast with what was expected (i.e. increasing from ~250oC onwards). 
In summary, using the constructed model with the established model 
parameters, it is possible to predict the stress-strain behaviour of this particular 
TWIP steel in a broad temperature range.  
7.3 Suggestions for future work 
It is believed that this dissertation provides a strong fundamental 
understanding of the mechanical twinning behaviour at different straining 
conditions in high Mn, low SFE TWIP steel. However, some potential areas for 
future research were also noted through current study: 
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It was established that stacking faults contribute to the work-hardening 
behaviour more than mechanical twinning, therefore it would be important to 
quantitatively examine the effect of the stacking faults solely on the work hardening 
behaviour. It is also significant to understand how to design a steel with the most 
gainful volume fraction of stacking faults. Producing a steel with a high volume 
fraction and evenly distributed stacking faults may develop a material with 
improved mechanical properties.  
It was concluded that grain orientation benefits more than the interaction 
between the grain of the certain orientation with adjustment grains (i.e. grain 
boundary characteristics). However, the combination of conditions (i.e. grain 
orientation, grain boundary energy and the inclination angle between the grain 
boundary plane and the deformation) were not established. It may be beneficial to 
investigate in more depth the role of the grain boundary energy without having the 
effect of the grain orientation. This could be done by modelling the grain boundary 
region with different conditions.    
The proposed model for the current TWIP steel composition established 
different modelling parameters for different types of grains. It is suggested that in 
future development of the model these parameters would be linked to the SFE as 
this can generalise the use of the model for different types of fcc materials. 
Moreover, future model development should consider the DSA effect, adiabatic 
heating, strain rate sensitivity and the interaction of dislocations with stacking 
faults.  
It can be from a great value to try and find what the exact parameters are 
that triggers or supresses the mechanical twinning nucleation.  
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